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Los disolventes orgánicos, utilizados tanto en el ámbito industrial, donde 
abarcan la práctica totalidad de los sectores industriales, como en el doméstico, son 
los responsables de aproximadamente el 25% de los compuestos orgánicos volátiles 
(COVs) emitidos a la atmósfera, y por lo tanto, la reducción de su consumo es una 
prioridad en las políticas ambientales europeas. Los efectos negativos de los COVs 
sobre la salud y el medioambiente derivan fundamentalmente de su carácter volátil y 
tóxico. 
 
En los laboratorios de análisis químico, la etapa de tratamiento de muestras es 
la que, generalmente, mayor volumen de disolvente orgánico consume. Entre las 
estrategias desarrolladas para reducir este consumo se ha investigado extensamente 
el uso de disolventes alternativos tales como los fluidos supercríticos, los líquidos 
iónicos y los disolventes fluorados.  
 
El objeto de las investigaciones que se presentan en esta Memoria se enmarca  
en este contexto, y se concreta en la síntesis y caracterización de disolventes 
supramoleculares basados en la coacervación de ácidos carboxílicos alifáticos, y el 
estudio de su aplicabilidad en procesos de extracción analítica. La finalidad fue 
estudiar el potencial de los mismos para reemplazar a los disolventes orgánicos o 
reducir su consumo en el análisis de multicomponentes en muestras complejas. 
 
Para cumplir con este objetivo general, se establecieron los siguientes objetivos 
específicos:  
 
1. Desarrollo de procedimientos sintéticos de disolventes 
supramoleculares basados en procesos espontáneos de 
autoensamblaje y coacervación de ácidos carboxílicos alifáticos.  




2. Estudio de los correspondientes diagramas de fases e influencia 
en los mismos de la estructura del ácido carboxílico, el agente 
coacervante y las distintas condiciones ambientales. 
3. Estudio del volumen de disolvente supramolecular obtenido en 
función de los componentes del mismo y las condiciones de 
síntesis. 
4. Caracterización de la estructura de los disolventes sintetizados 
mediante microscopía óptica y electrónica. 
5. Evaluación de las propiedades extractivas de los disolventes 
sintetizados en términos de eficacia de extracción, factores de 
preconcentración, tipos de solutos a los que son aplicables (ej. 
intervalo de polaridad), condiciones de operación, 
compatibilidad con técnicas cromatográficas y sistemas de 
detección, formatos de extracción que pueden utilizarse, etc.  
6. Desarrollo y validación de métodos analíticos para la 
determinación de multicomponentes en muestras ambientales 
complejas. 
 
Paralelamente, un objetivo fundamental en el desarrollo de esta Tesis ha sido la 
formación del doctorando a través de actividades complementarias a la labor 
investigadora, tales como la redacción de artículos científicos, la asistencia y 
presentación de comunicaciones en congresos internacionales, la discusión crítica de 
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El contenido de la Memoria de esta Tesis Doctoral se ha estructurado en dos 
Partes, precedidos de una Introducción en la que se describen aspectos teóricos 
relacionados con los fenómenos de autoensamblaje y coacervación y aspectos 
prácticos relacionados con el uso de disolventes supramoleculares (SUPRAS) en 
procesos de extracción analítica. Los contenidos de las dos Partes se especifican a 
continuación. 
 
Parte I. Síntesis, caracterización y aplicabilidad en procesos de 
extracción analítica de disolventes supramoleculares basados en ácidos 
carboxílicos alifáticos.  
 
En esta parte se describe la síntesis y caracterización de dos nuevos 
SUPRAS, se evalúan sus propiedades extractantes y se explora su potencial para la 
extracción de multicomponentes en muestras complejas. 
 
En el capítulo 1 se describe la síntesis de SUPRAS obtenidos a partir de 
disoluciones acuosas de vesículas, constituidas por mezclas de ácidos carboxílicos y 
carboxilatos, mediante la adición de sales de tetrabutilamonio. En el estudio se 
incluyen ácidos carboxílicos alifáticos de cadena lineal saturada (C8-C16) e 
insaturada (ácido oleico). Se investiga la influencia de los componentes del 
SUPRAS, medio de coacervación y condiciones operacionales en la obtención de 
los disolventes así como el comportamiento de los mismos en función del pH y la 
sal utilizada como agente coacervante. La caracterización de los SUPRAS formados 
se realiza mediante microscopía óptica y electrónica de transmisión, estudios a partir 
de los que se concluye que los SUPRAS están constituidos por vesículas 
unilamelares. Se determinan los factores de concentración teóricos en función de la 
longitud de la cadena hidrocarbonada y concentración del ácido carboxílico y se 
evalúan los parámetros generales de los que depende la eficiencia de extracción. Se 
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investiga la capacidad de extracción de los SUPRAS utilizando solutos iónicos y 
solutos cuya polaridad varía en un amplio intervalo, así como la compatibilidad de 
los extractos obtenidos con cromatografía de líquidos acoplada a detección UV y 
espectrometría de masas. El potencial de los SUPRAS sintetizados para la 
determinación de multicomponentes en muestras complejas se investiga mediante 
su aplicación a la extracción de tensioactivos no iónicos (alquil fenol etoxilados y 
alcohol etoxilados) en aguas residuales y aguas naturales y análisis directo del 
extracto obtenido mediante cromatografía de líquidos acoplada a espectrometría de 
masas de trampa iónica.  
 
En el capítulo 2 se investiga la síntesis de SUPRAS mediante la coacervación 
de ácidos carboxílicos alifáticos de cadena lineal (saturada, C8-C16, e insaturada, C18) 
en mezclas binarias de agua y una serie de disolventes orgánicos próticos y apróticos 
y se estudia el comportamiento de fases de los mismos en función del parámetro de 
solubilidad de Hildebrand y capacidad de formación de puentes de hidrógeno del 
disolvente orgánico. A partir de estos estudios se selecciona la mezcla ternaria ácido 
carboxílico, tetrahidrofurano (THF) y agua para la síntesis de SUPRAS y se 
investiga la formación de los mismos en función de la concentración de ácido 
carboxílico, proporción relativa de THF y agua, pH, fuerza iónica y temperatura, así 
como de las condiciones de operación. Para la caracterización de los SUPRAS se 
investiga la formación de agregados del ácido carboxílico en THF utilizando sondas 
fluorescentes y la estructura del SUPRAS mediante microscopía óptica. Se evalúan 
los factores de preconcentración obtenidos en función de la concentración de ácido 
carboxílico y porcentaje de THF utilizado en el medio de coacervación así como los 
parámetros generales que determinan la eficiencia de extracción. Al igual que en el 
capítulo 1, se investiga el potencial de extracción de los SUPRAS utilizando solutos 
iónicos y solutos cuya polaridad varía en un amplio intervalo así como  la 
compatibilidad de los extractos obtenidos con cromatografía de líquidos acoplada a 
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detección UV y espectrometría de masas. Por último, los SUPRAS desarrollados se 
aplican a la extracción de tensioactivos no iónicos (alquil fenol etoxilados y alcohol 
etoxilados) en aguas residuales y aguas naturales y se analiza directamente el extracto 
obtenido mediante cromatografía de líquidos acoplada a espectrometría de masas de 
trampa iónica.  
 
Parte II. Disolventes supramoleculares para la extracción de 
contaminantes orgánicos en muestras ambientales complejas.  
 
En la Parte II de la Memoria se describen dos metodologías para la 
determinación de multicomponentes en muestras ambientales complejas basadas en 
la extracción con SUPRAS y análisis de los extractos mediante cromatografía de 
líquidos acoplada a detección fluorescente.  
 
En el capítulo 3 se describe la extracción de alquil benceno sulfonatos (LASs) 
en lodos residuales basada en la extracción con un SUPRAS previamente 
sintetizado por nuestro grupo de investigación. LASs están constituidos por una 
mezcla de homólogos (C10–C13) e isómeros que en total suman alrededor de 25 
componentes. El SUPRAS se forma en disolución ácida de dodecanosulfonato  y 
extrae a los componentes de LASs mediante la formación de agregados mixtos lo 
que posibilita la ruptura de las interacciones de LAS con la matriz del lodo y 
proporciona elevados rendimientos de extracción. Se investigan las variables que 
afectan al proceso de extracción utilizando muestras de lodo fortificado y se utiliza 
cromatografía de líquidos con detección fluorescente para el análisis directo de los 
extractos. El método se aplicó a la determinación de LAS en lodos residuales 
activados y deshidratados procedentes de dos plantas de tratamiento de aguas 
residuales.  
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En el capítulo 4 se investiga la aplicación de los coacervados vesiculares 
descritos en el capítulo 1 de esta Memoria a la extracción de bisfenoles y los 
correspondientes diglicidil éteres en aguas naturales y residuales. Se evalúa la 
capacidad de extracción de los SUPRAS constituidos por ácidos carboxílicos de 
diferente longitud de cadena hidrocarbonada y se selecciona ácido decanoico sobre 
la base de los rendimientos de extracción obtenidos. Se investiga la influencia de 
diferentes parámetros así como condiciones operacionales en la eficacia de 
extracción. El método se ha validado internamente y aplicado a la extracción de 
bisfenoles y derivados en aguas de río e influentes y efluentes de cuatro plantas de 
tratamiento de aguas residuales.   
 
A continuación se incluye en la Memoria una sección que hemos denominado 
Resumen y Discusión de Resultados en las que se discuten las razones que nos 
indujeron a la selección de ácidos carboxílicos alifáticos para el desarrollo de nuevos 
disolventes supramoleculares, se comentan las características, prestaciones y 
ámbitos de aplicación en procesos de extracción analítica de estos disolventes, y se 
ofrece una visión general del impacto que han tenido estas investigaciones en la 
comunidad científica. Finalmente, se incluyen en la Memoria las conclusiones 
generales derivadas de las investigaciones realizadas y los siguientes apéndices: 
 
o  Apéndice 1: Publicaciones científicas derivadas de la Tesis Doctoral. 
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1. DISOLVENTES SUPRAMOLECULARES: ASPECTOS 
GENERALES 
La determinación de contaminantes químicos en áreas tan diversas como 
Medioambiente, Agroalimentación, Toxicología, etc., es una actividad prioritaria en 
los laboratorios de análisis dado el ingente volumen de legislación desarrollada para 
la protección de la salud humana y ambiental. 
 
El control analítico de estos contaminantes plantea importantes retos que 
vienen derivados de la complejidad de las muestras implicadas, la amplia variedad de 
estructuras de los residuos orgánicos y contaminantes de interés, y las bajas 
concentraciones a las que éstos deben ser detectados y/o cuantificados (ng - μg L-1 y 
ng - μg Kg-1) [1]. Uno de los aspectos clave en el control analítico de contaminantes 
es el uso de métodos que proporcionen una confirmación inequívoca y una 
cuantificación exacta. Otras características que deben tener estos métodos son 
rapidez, simplicidad y adecuación a los principios de la química verde. 
 
A pesar del gran desarrollo instrumental producido en las últimas dos décadas, 
son pocas las muestras ambientales, agroalimentarias, biológicas, etc., que se pueden 
analizar de forma directa o después de un tratamiento sencillo de las mismas. El 
tratamiento de muestras continúa siendo una de las etapas más crítica en el proceso 
analítico ya que entraña un gran número de operaciones, requiere una amplia 
participación humana, es lenta (supone entre el 70 y 90% del tiempo consumido en 
un proceso analítico global) y constituye una fuente potencial de errores analíticos. 
Por otro lado, es la etapa que conlleva mayores riesgos para las personas y el 
medioambiente ya que se utilizan ácidos, disolventes, gases a presión, etc. que 
pueden afectar tanto a la seguridad e higiene del personal del laboratorio como al 
medio ambiente. Por estos motivos, ha habido un gran esfuerzo en I+D en los 
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últimos años para intentar simplificar los procesos de extracción analítica con el 
objetivo de aumentar la cantidad de muestras procesadas por unidad de tiempo, 
mejorar la calidad de los resultados obtenidos y reducir el consumo de disolventes 
orgánicos. 
 
Entre las estrategias desarrolladas para reducir el consumo de disolventes 
orgánicos que más aceptación han tenido en los laboratorios de análisis químico 
destacan la adsorción de solutos en sólidos (por ejemplo, extracción en fase sólida, 
SPE [2,5], y dispersión de la matriz en fase sólida, MSPD [3]), la miniaturización 
(por ejemplo, microextracción en fase sólida en espacio de cabeza, HS-SPME [4] y 
mediante adsorción en barras magnéticas agitadoras , SBSE [5,6]) y la mejora de la 
eficacia de extracción del disolvente utilizando energías auxiliares (por ejemplo, la 
extracción con líquidos a alta presión, PLE [7], o asistida por microondas, MAE [8], 
etc).  
 
El espectacular desarrollo que se ha producido en las dos últimas décadas en el 
ámbito del diseño y síntesis de materiales funcionales ha impulsado las 
investigaciones sobre nuevos disolventes no tóxicos, con capacidad para mejorar la 
selectividad y el rendimiento de las extracciones y disminuir los costes de 
producción. Uno de los tipos de disolventes sobre los que se ha investigado más 
extensamente son los líquidos iónicos, pero éstos presentan inconvenientes que 
dificultan su uso, entre los que cabe citar: elevado coste de producción (hasta 100 
veces mayor que el de disolventes orgánicos), dificultad para su reutilización de 
forma continua y falta de información sobre toxicidad y parámetros 
termodinámicos [9]. Otra alternativa al uso de los disolventes orgánicos son los 
fluidos supercríticos [SFE], los cuales no son contaminantes y proporcionan 
mayores rendimientos de extracción y extractos más puros. Sin embargo, los costes 
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de adquisición, mantenimiento y operación del equipo de SFE son muy elevados 
[10,11].  
 
El auto-ensamblaje, un proceso mediante el que componentes aislados se 
organizan de forma autónoma y espontánea en estructuras ordenadas y/o 
funcionales, ha abierto nuevos caminos en el campo de la nanotecnología (ej. the 
bottom-up approach) [12] y en la actualidad, constituye una de las estrategias con mayor 
potencial para la síntesis de materiales avanzados [13]. Desde el punto de vista 
científico, el  auto-ensamblaje, omnipresente en los sistemas biológicos, es uno de 
los pilares de la química supramolecular [14], además de ser fundamental para 
comprender el comportamiento de los sistemas coloidales [15]. Sorprende sin 
embargo, que a pesar del enorme potencial del auto-ensamblaje para la obtención de 
nuevas estructuras, apenas se ha explorado su uso en el desarrollo de disolventes 
funcionales de interés para los laboratorios de análisis y la industria química.  
 
Los disolventes supramoleculares (SUPRAS), sintetizados a partir de procesos 
de auto-ensamblaje y coacervación, presentan un gran potencial para el desarrollo 
de disolventes funcionales con características excepcionales para la extracción de 
solutos en procesos analíticos e industriales. Se definen como líquidos 
nanoestructurados generados a partir de moléculas anfıfílicas en disolución acuosa o 
hidro-órganica a través de un proceso de auto-ensamblaje secuencial que ocurre en 
dos escalas, molecular y nano. Este proceso produce en primer lugar  agregados 
tridimensionales, los cuales coacervan en una segunda etapa, generando líquidos 
inmiscibles con la disolución en la que se ha producido el auto-ensamblaje.  
 
El término disolvente supramolecular (SUPRASs) fue propuesto recientemente 
por nuestro grupo de investigación [16] como alternativa al uso de los términos 
utilizados tradicionalmente en la bibliografía analítica para expresar la separación de 
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fases en disoluciones coloidales de tensioactivos, principalmente la técnica del punto 
de nube o “cloud point”, que hace referencia a la temperatura a la que los 
tensioactivos no iónicos empiezan a sufrir fenómenos de separación de fases en 
disoluciones acuosas, originando un  enturbiamiento[17,18,19] o coacervados  
(término que hace referencia al fenómeno a través del cual ocurre la separación 
líquido-líquido o coacervación en estos sistemas) [20,21].  La razón de esta 
propuesta es que el término disolvente supramolecular enfatiza su carácter de 
disolvente y define el carácter nanoestructurado de la fase líquida formada, lo que 
constituyen diferencias básicas con los disolventes moleculares e iónicos. Asimismo 
pone de manifiesto los procesos de autoensamblaje que conllevan su formación. 
 
Los disolventes supramoleculares presentan una serie de propiedades 
adecuadas para ser usados como alternativa a los disolventes orgánicos 
convencionales en extracciones analíticas. Entre estas propiedades destacan las 
siguientes: la simplicidad de los procesos de autoensamblaje utilizados para su 
síntesis; la ubicuidad de los compuestos anfifílicos en la naturaleza y la industria, 
posibilitando así la selección del tensioactivo más adecuado para cada aplicación; la 
elevada eficacia de solvatación para distintos compuestos orgánicos e inorgánicos, 
gracias a la presencia de regiones de diferente polaridad dentro de los agregados; y la 
capacidad multiligando de los agregados, gracias a los múltiples grupos funcionales 
existentes en los mismos, lo que amplifica la capacidad de extracción. Por otro lado, 
los disolventes supramoleculares no son volátiles ni inflamables, lo que permite la 
implantación de procesos más seguros.  
 
Desde que Watanabe et al. [22,23] propusieron la separación de fases inducida 
por la temperatura en disoluciones de tensioactivos no iónicos para la extracción de 
solutos en procesos analíticos, los SUPRASs se han aplicado ampliamente a la 
extracción de compuestos orgánicos apolares y metales, principalmente en muestras 
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líquidas ambientales y biológicas [24,25]. En la última década, los avances en este 
campo se han centrado en el desarrollo de nuevos SUPRASs. Así, se han descrito 
SUPRASs constituidos por tensioactivos iónicos y agregados diferentes a micelas 
acuosas (p. ej. micelas inversas o vesículas) y SUPRASs inducidos por condiciones 
ambientales diferentes a cambios en la temperatura, tales como cambios de pH y la 
adición de un electrolito o de un disolvente en el que los agregados de tensioactivo 
son muy poco solubles. Como consecuencia de todos estos estudios, en la 
actualidad se tiene un mejor conocimiento del mecanismo de formación y de las 
propiedades de los SUPRASs, lo que ha permitido ampliar su campo de aplicación 
en extracciones analíticas. 
 
2.  FENOMENOS IMPLICADOS EN LA FORMACIÓN DE 
DISOLVENTES SUPRAMOLECULARES  
 
El proceso global de síntesis de SUPRASs mediante auto-ensamblaje y 
coacervación incluye las siguientes etapas  (Figura 1): 
 
1. Formación de agregados tridimensionales, generalmente micelas acuosas, 
micelas inversas o vesículas, a partir de una disolución de tensioactivo, a 
una concentración  mayor que la concentración de agregación crítica (cac) 
 
2. Modificación de las condiciones ambientales (pH, temperatura, adición de 
sal, adición de un disolvente miscible con el agua, etc) para dar lugar a la 
formación de gotitas de aspecto aceitoso (gotas de coacervado), inmiscible 
en la disolución.  
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3. Asociación de las gotitas de coacervado para producir conglomerados de 
gotitas individuales que tienen diferente densidad a la disolución y floculan 
o sedimentan.  
 
4. Separación del conglomerado de las gotitas de coacervado como una nueva 
fase líquida, de mayor o menor densidad que la disolución, denominada 
SUPRAS o coacervado. La disolución en equilibrio con el SUPRAS 



































1. FORMACIÓN DE AGREGADOS 
DE TENSIOACTIVOS
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En la Figura 2 se muestra una microfotografía obtenida mediante microscopía 
óptica de un SUPRAS sintetizado a partir de micelas de dodecilsulfato sódico en 
medio ácido. En ellas se observan claramente las gotitas de coacervado que forman 















Figura 2. Microfotografía obtenida mediante microscopía óptica de un disolvente 
supramolecular obtenido a partir de micelas acuosas de dodecil sulfato sódico.  
 
A continuación, describiremos los aspectos básicos de los fenómenos 





El  auto-ensamblaje es el fenómeno por el que los componentes aislados de un 
sistema se organizan de manera autónoma y espontánea en estructuras ordenadas 
y/o funcionales [26]. Este fenómeno se produce cuando los componentes 
interactúan entre sí a través de un equilibrio de atracciones y repulsiones. Las 
interacciones implicadas son generalmente débiles y no covalentes (interacciones 
Micela acuosa
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iónicas, fuerzas de van der Waals y puentes de hidrógeno), aunque los enlaces 
covalentes relativamente débiles, como los enlaces de coordinación, también se 
considera que son adecuados para el auto-ensamblaje [27]. 
 
Los elementos que se ensamblan pueden hacerlo a nivel molecular o 
macroscópico, siempre que se cumplan las condiciones adecuadas, y aunque la 
mayor parte de los estudios  se han centrado en el auto-ensamblaje de componentes 
moleculares, muchas de las aplicaciones más interesantes derivan del auto-
ensamblaje de componentes a escala nanométrica o micrométrica. De hecho, el 
auto-ensamblaje es la forma preferida por la naturaleza para construir la vida y es un 
proceso omnipresente en la química y en la ciencia de los materiales [28,29]. 
 
El auto-ensamblaje puede controlarse mediante la selección adecuada de los 
componentes que se asocian, el medio donde se produce y la fuerza conductora de 
la agregación [14]. Así, la estructura de los componentes determina la estructura y 
complejidad del SUPRAS. Del mismo modo, los componentes tienen que ser 
introducidos en un entorno adecuado (por ejemplo una disolución) para que las 
fuerzas de unión puedan actuar. Este entorno puede manipularse para modificar la 
conformación de los componentes o alterar las fuerzas de unión entre ellos. Si se 
cambian las condiciones del entorno, los agregados se recompondrán y el sistema 
será indistinguible del original, por lo que el auto-ensamblaje producirá materiales 
adaptables [30].  
 
Por otro lado, y en relación con la fuerza conductora de la agregación, el ruido 
térmico es la fuerza que dirige el auto-ensamblaje a nivel molecular ya que 
proporciona la mayor parte del movimiento requerido para que las moléculas se 
pongan en contacto. A escala nanométrica y macroscópica, el movimiento 
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Browniano es más irrelevante y predominan la gravedad y la fricción. El uso de 
agitación externa es fundamental para alcanzar elevados rendimientos del proceso. 
 
La reversibilidad es un factor clave para la formación de estructuras ordenadas 
mediante auto-ensamblaje. La asociación de componentes o bien debe ser reversible 
o bien debe permitir que se ajusten sus posiciones dentro del agregado una vez que 
éste se ha formado. Por lo tanto, la fuerza de los enlaces entre los componentes 
debe ser comparable a las fuerzas que tienden a separarlos. [26]. 
 
Como se ha comentado previamente, la primera etapa en la síntesis de los 
SUPRASs es la formación de agregados tridimensionales, generalmente micelas 
acuosas, micelas inversas o vesículas, a partir de una disolución de tensioactivo, a 
una concentración  mayor que la concentración de agregación crítica (cac). La 
agregación tiene lugar para reducir al mínimo las interacciones solvofóbicas 
desfavorables. En la cac, la interacción entre tensioactivos es más favorable 
energéticamente que la interacción tensioactivo-disolvente. Así, estas estructuras 
surgen de un delicado balance entre interacciones soluto-soluto y soluto-disolvente 
[31].  
 
La morfología del agregado supramolecular depende de la relación entre el 
tamaño del grupo polar y la cadena hidrófoba del tensioactivo y puede predecirse 
por la siguiente ecuación, desarrollada por Israelachvili et al. [32]: 
 
                                     g = V/ a0 lc 
 
Donde g es el factor de empaquetamiento, V es el volumen de la cadena 
hidrófoba, a0 es el área media de sección que ocupa la cabeza polar en el agregado y 
lc es la longitud de la cadena del tensioactivo (Figura 3). El parámetro g depende por 
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tanto de la geometría molecular del tensioactivo y hace referencia al número de 
cadenas hidrocarbonadas y de átomos de carbono, el grado de saturación de la 
cadena y el tamaño y carga de la cabeza polar. Además, las propiedades de la 
disolución (pH, fuerza iónica, temperatura, presencia de co-tensioactivo) están 
implícitamente incluídos en V, a0 y lc. Tanto V como lc son parámetros empíricos. 
El valor de a0 es menos accesible, aunque las tendencias son fácilmente 
identificables.  
 
                           
  Figura 3. Parámetros que determinan el factor de empaquetamiento 
 
La Figura 4 muestra las estructuras formadas por tensioactivos en disolución en 
base al valor del parámetro g. El tamaño de los agregados está determinado por una 
variedad de factores relacionados con las fuerzas intermoleculares, pero depende 
principalmente de la relación entre la longitud de la cadena hidrocarbonada y el 
tamaño del grupo polar.  
 
La agregación de compuestos anfifílicos es un proceso denominado star-stop; 
una vez alcanzada la cac, la adición de más tensioactivo origina la formación de más 
agregados del mismo tamaño. El número de monómeros que se agregan depende 
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fundamentalmente del balance entre las fuerzas de agregación (atracción entre las 



















Figura 4.  Estructuras de los agregados supramoleculares de tensioactivos en función del valor 




La etapas 2-4 en la síntesis del SUPRAS (Figura 1) producen la separación de 
una nueva fase líquida a través de un proceso denominado coacervación. Este 
fenómeno fue descrito por los químicos holandeses Bungenberg de Jong y Kruyt en 
1930 [33]. El término coacervado procede del latín “co” que significa junto y 
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“acervum” que se refiere a un montón de cosas menudas. La IUPAC define la 
coacervación como un fenómeno que consiste en la separación de sistemas 
coloidales en dos fases líquidas [34]. A la fase más concentrada en el componente 
coloidal se le denomina coacervado; la otra fase tiene muy baja concentración en 
este componente y se la denomina fase en equilibrio. Un coacervado es por 
definición inmiscible en su propio disolvente. Las estructuras macromoleculares que 













 Tabla 1. Tipos de macromoléculas que experimentan coacervación 
 
 
Para que la coacervación ocurra, es necesario que se produzca un incremento 
en el tamaño de los agregados que se formaron por encima de la cac del 
tensioactivo en la primera etapa de la síntesis del SUPRAS. Para ello es necesario 
reducir la repulsión entre los grupos polares, siguiendo estrategias que dependen de 
la naturaleza de estos grupos [14].  
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La repulsión entre los grupos polares iónicos se puede reducir añadiendo un 
co-tensioactivo con un grupo polar pequeño, un electrolito o un contraión 
anfifílico, o mediante un cambio de pH. En sistemas no-iónicos, una manera muy 
efectiva de potenciar el crecimiento del agregado es reducir el número de moléculas 
de disolvente disponibles para la solvatación, lo cual puede llevarse a cabo variando 
la temperatura o mediante la adición de un disolvente en el que el agregado es poco 
soluble [15]. 
 
La adición de un alcohol de cadena larga como co-tensioactivo es una de las 
estrategias más usadas para promover el crecimiento de agregados iónicos, aunque 
es un método difícil de implementar, ya que con frecuencia se origina una fase 
lamelar en lugar del disolvente supramolecular. En el caso de la adición de un 
electrolito, la cantidad de sal necesaria es menor cuanto mayor es la longitud de la 
cadena hidrocarbonada. Para las mezclas acuosas de tensioactivos de carga opuesta, 
el crecimiento de los agregados se produce de manera espontánea cuando la 
atracción entre los dos tipos de anfifilos es más fuerte que la requerida para formar 
micelas estables en disolución, pero más débil que la que conduce a la precipitación. 
Con el fin de promover la coagulación de micelas frente a la precipitación, una 
estrategia común es la adición de sal para debilitar la atracción electrostática entre 
los tensioactivos. 
 
Una manera más específica para reducir la repulsión iónica entre los grupos 
cabeza es añadir un contraión anfifílico (ej. la adición de salicilato de sodio a 
hexadecil tetrametil amonio bromuro). El anillo aromático del salicilato entra en la 
micela y produce el crecimiento de los agregados del tensioactivo, incluso a bajas 
concentraciones. La disolución contiene agregados filiformes que presentan un 
comportamiento muy parecido a un polímero. En el proceso de crecimiento del 
agregado, los monómeros se adicionan secuencialmente al mismo [35]. 
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El ajuste de pH por debajo de la constante de ionización del grupo polar del 
tensioactivo se ha usado con éxito para la coacervación de alquilsulfatos, 
alquilsulfonatos, alquilbenceno sulfonatos y alquilsulfosucinatos con diferente 
longitud de cadena hidrocarbonada (C10-C14), aunque el medio extremadamente 
ácido necesario para producir la separación de fases (2-3 M HCl) es una desventaja 
significativa para el uso de estos disolventes en aplicaciones analíticas [20]. 
 
En el caso de agregados no iónicos del tipo CnEm (m hace referencia al número 
de unidades de grupos de oxietileno y n a la longitud de la cadena hidrocarbonada), 
un aumento de la temperatura conlleva la pérdida de agua del entorno de los grupos 
polares. Como consecuencia se reduce el área ocupada por el grupo polar y se 
produce crecimiento micelar. Se ha puesto de manifiesto a través de diferentes 
técnicas que las micelas crecen en tamaño cuando se aproxima la temperatura a la 
cual coacervan pero el  grado de crecimiento depende de la relación entre n y m [36]. 
Para los tensioactivos con una relación entre n y m moderada (ej. C12E5), un 
aumento de la temperatura induce una transición de micela esférica a micela 
cilíndrica [37]. Por el contrario, no se ha observado este tipo de transición para el 
tensioactivo C12E8 [38,39].  La razón es que al aumentar el número de grupos 
oxietileno para una longitud constante de cadena alquílica disminuye el factor de 
empaquetamiento y la forma esférica es la preferida para la agregación [40].  
 
Para micelas de tensioactivos zwiteriónicos se observa separación de fases 
cuando se reduce la temperatura. En este caso, debido a su carácter fuertemente 
polar, se podría esperar que las interacciones electrostáticas desempeñaran un papel 
fundamental en la formación del agregado, no obstante, estas interacciones son de 
corto alcance y de efectos diferentes a las que tienen lugar con tensioactivos iónicos. 
 
                                                                                              Introducción 
 
 
- 27 - 
Una estrategia muy útil para la síntesis de disolventes supramoleculares a partir 
de tensioactivos no iónicos es utilizar una mezcla de dos disolventes miscibles en 
los que los agregados presentan muy diferente solubilidad. En este caso, la 
desolvatación de los grupos polares, con el consiguiente incremento en el tamaño 
de los agregados, se favorece por la interacción disolvente-disolvente que compite 






















Figura 5.  Diagramas de fases típicos para tensioactivos en diferentes condiciones 
ambientales: (A) Triton X-114 en función de la temperatura, [41]; (B) 3-
(nonildimetilamonio)propil sulfato (C9-APSO4) en función de la temperatura, [42]; (C) cloruro 
de tricaprilmetilamonio (Aliquat-336) en presencia de sulfato sódico, [43]; y (D) 
dodecilbenceno sulfonato sódico (SDBS) en presencia de bromuro de tretrabutilamonio [44]. L 
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La Figura 5 muestra las condiciones ambientales bajo las que se produce la 
síntesis espontánea de varios disolventes supramoleculares (regiones L-L) 
[41,42,43,44]. Las interfases en estos diagramas se modifican en función de la 
estructura del tensioactivo y, cuando se aplican a extracciones analíticas, de los 
componentes de la matriz de la muestra. Así, para una serie de homólogos de 
polioxietileno, la temperatura requerida para la separación de fases se incrementa a 
medida que disminuye el número de átomos de carbono de la cadena 
hidrocarbonada [45]. Para mezclas de dos tensioactivos no iónicos, la temperatura 
requerida para la síntesis del disolvente supramolecular suele ser intermedia a la de 
cada uno por separado, mientras que para mezclas de un no iónico y un iónico suele 















Figura 6.  Cinéticas de separaciones de fases: (a) modelo de nucleación y crecimiento; (b) 
modelo de descomposición espinodal 
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La coacervación es por naturaleza un proceso cinético [46]. Los dos modelos 
que generalmente se usan para describir la cinética de separación de fases son 
nucleación y crecimiento, y descomposición espinodal (Figura 6). En el primero de ellos se 
produce interacción entre macromoléculas cercanas que a continuación 
experimentan coalescencia hasta que se alcanza un determinado tamaño y se 
produce el fenómeno de separación de fases (Figura 6a). A nivel macroscópico, el 
coacervado está generalmente formado por gotas esféricas dispersas en una fase 
continua (Figura 7a). En el modelo de descomposición espinodal (Figura 6b) la 
interacción implica a muchas macromoléculas en la etapa inicial, produciendo a 
nivel macroscópico una red tridimensional interconectada, que se hace 









Figura 7.  Coacervado compuesto por (a) Gelatina + Goma Arábiga, estructura globular; (b) β-
lactoglobulina + Goma Arábiga, estructura de red interconectada 
 
3. PROPIEDADES DE LOS DISOLVENTES 
SUPRAMOLECULARES 
 
Los SUPRASs están constituidos por agua y moléculas anfifílicas, además de 
otros componentes utilizados como agentes de coacervación (por ejemplo, 
contraiones, electrolitos, un disolvente miscible en agua, etc.). Las excelentes  
propiedades extractivas de estos disolventes se debe a los agregados 
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nanoestructurados que los constituyen y la elevada concentración de moléculas 
anfifílicas que contienen.  Ambas características hacen que los SUPRASs presenten 
una elevada capacidad de solubilización y eficiencia de extracción para una amplia 
variedad de solutos.  
 
3.1 Capacidad de solubilización 
Dado el carácter anfifílico de las moléculas que componen el SUPRAS, las 
nanoestructuras que lo integran presentan microambientes de diferente polaridad, lo 
que les confieren la capacidad de solubilización de compuestos en un amplio 
intervalo de polaridad. El tipo de interacción puede seleccionarse variando la 
naturaleza de la parte hidrófoba o el grupo polar de la molécula anfífílica y, en 
teoría, se puede diseñar el SUPRASs más adecuado para una aplicación específica, 
ya que existen un gran número de moléculas anfifílicas de origen natural y sintético.  
 
Todos los disolventes supramoleculares, independientemente de la naturaleza 
del grupo polar, proporcionan un ambiente apolar en la región hidrocarbonada de 
los agregados. Esta región es ideal para la extracción de compuestos no polares y 
está gobernada por los valores de las constantes octanol-agua al igual que ocurre 
con los disolventes convencionales. Las principales fuerzas implicadas en la 
extracción son las fuerzas de dispersión (ej. dipolo-dipolo y  dipolo inducido-
dipolo). 
 
La naturaleza del grupo polar en los agregados de los SUPRASs determina el 
tipo de compuesto polar que puede extraerse. Los grupos más frecuentemente 
usados en aplicaciones analíticas son los óxidos de polietileno, ácidos carboxílicos, 
sulfatos, sulfonatos, carboxilatos e iones de amonio y piridinio. Las interacciones 
involucradas en la extracción de compuestos polares incluyen  las iónicas, puentes 
de hidrógeno y, en el caso de contener anillos bencénicos, interacciones π-catión y 
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π-π. El enlace por puente de hidrógeno es un mecanismo de solubilización 
extremadamente eficaz para compuestos polares.  
 
La capacidad de solubilización de los SUPRASs  está influenciada por el 
tamaño del grupo polar y/o la cadena hidrocarbonada. Así, por ejemplo, la 
eficiencia de extracción para el fenol utilizando un SUPRAS constituido por 
tensioactivos alquiletoxilados aumenta al incrementarse el número de unidades de 
oxietileno debido al incremento de las interacciones dipolo-dipolo entre los grupos 
oxietileno del tensioactivo y los grupos hidroxilo del analito [47]. Por otro lado, la 
eficiencia de extracción para solutos muy hidrófobos, tales como tolueno o 
tricloroetileno, dependerá principalmente de la longitud de la cadena 
hidrocarbonada [48].  
 
Una propiedad significativa de los SUPRASs es su elevada capacidad de 
extracción para compuestos anfifílicos (tensioactivos, drogas, algunos pesticidas, 
etc.) mediante la formación de agregados mixtos. Las interacciones tanto de 
dispersión como polares gobiernan la formación de los agregados mixtos y, por 
tanto, su estabilidad es máxima para mezclas de tensioactivos de carga opuesta. Se 
han desarrollado excelentes aplicaciones de los SUPRASs para la extracción de 
compuestos anfifílicos. Como ejemplo se puede citar la metodología basada en el 
uso de un SUPRAS constituido por micelas de dodecilsulfonato para la extracción 
de tensioactivos catiónicos en muestras ambientales sólidas [47]. Esta metodología 
ofrece una alternativa rápida (1 hora, 40 ºC, 700 rpm) a los procesos convencionales 
de extracción con disolventes orgánicos, los cuales conllevan un alto consumo de 
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3.2. Eficiencias de extracción y factores de concentración 
 
La eficiencia de extracción de los SUPRASs depende del número de sitios de 
unión y de las energías de enlace que proporcionan (interacción iónica>puentes de 
hidrógeno>dipolo-dipolo>dipolo-dipolo inducido>dispersión). Por otro lado, los 
factores de concentración reales dependen de la eficiencia de extracción y de la 
relación de volúmenes muestra/SUPRAS. 
 
El volumen de SUPRAS producido depende linealmente de la cantidad de 
tensioactivo en disolución, al menos para concentraciones inferiores al  4% w/v, 
que es el intervalo interés analítico. Esta linealidad indica que la composición del 
disolvente no depende de la cantidad de reactivo utilizada para la síntesis [49]. El 
valor de la pendiente de esta relación lineal (con unidades de µL mg-1) indica los 
microlitros de SUPRAS obtenidos por miligramo de tensioactivo, de modo que 
aquellos SUPRASs con valores bajos de pendiente proporcionan los mayores 
factores de concentración. Sin embargo, la composición de algunos SUPRASs varía 
con la concentración de tensioactivo utilizada para la síntesis. Un ejemplo es el 
SUPRAS sintetizado a partir de micelas no iónicas de Triton X-114 para el que el 
contenido de agua varía del 80% al 70%, cuando se genera a partir del 1% al 3% de 
Triton X-114 a 35 ºC [50]. 
 
La concentración de tensioactivo en el disolvente depende principalmente de 
su estructura y de las condiciones del medio en las que se produce la separación de 
fases. Para SUPRASs formados por micelas acuosas de SDS [20] y de Tritón X-114 
[50], la concentración de tensioactivo en el SUPRAS es de 0.2 y 0.09 mg μL-1, 
respectivamente. Esta elevada concentración de compuesto anfifílico, y por tanto de 
centros de unión para los solutos, es una de las propiedades más sobresalientes de 
los SUPRASs para su aplicación en extracciones analíticas. Como regla general, la 
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concentración de tensioactivo en el SUPRAS disminuye a medida que aumenta la 
longitud de la cadena alquilo. Para los tensioactivos del tipo alquil etoxilados, la 
concentración de tensioactivo también disminuye al aumentar el número de grupos 
oxietileno [48]. 
 
Las condiciones del medio en el que llevan a la separación de fases también 
tienen influencia en la concentración de tensioactivo presente en los SUPRASs. Un 
buen  ejemplo de  esto es el  efecto de la  temperatura  en   disolventes  generados a 
partir de tensioactivos no iónicos. Cuanto mayor es la diferencia entre la 
temperatura de trabajo y la de coacervación, más compactas son las estructuras 
obtenidas [19]. Asimismo, la disminución que se observa en el volumen de SUPRAS 
obtenido a medida que aumenta la concentración de ácido clorhídrico para 
tensioactivos aniónicos [51] y 1-octanol para tensioactivos catiónicos [52], se ha 
relacionado con el aumento de la concentración de tensioactivo en el disolvente.  
 
La Tabla 2 muestra los factores de preconcentración teóricos que pueden 
obtenerse en la extracción de solutos en muestras acuosas para una variedad de 
SUPRASs sintetizados en diferentes condiciones ambientales. Los datos que se 
incluyen se han seleccionado para ilustrar la influencia de los diferentes factores 
antes mencionados, como son longitud de la cadena hidrocarbonada, las 
condiciones del medio de  separación, tipo de tensioactivo y  concentración, etc.  
 
4. FORMATOS DE EXTRACCIÓN 
 
El formato hoy en día más usado en procesos de extracción con SUPRASs 
es la formación in situ del disolvente en la muestra acuosa (10-100 mL), a la que se 
adiciona el anfifilo (0.1-2% w/v) y en la que se establecen las condiciones 
ambientales requeridas para coacervación.  
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Tabla 2. Factores de concentración teóricos de disolventes supramoleculares de 




utilizadas para la 























   
C12E5 0.8 M NaCl, 80 °C 2.9 (70 mM) 31 
C12E6 3.2 (70 mM) 20 
C12E8 3.9 (70 mM) 12 
C10E6 3.0 (70 mM) 24 
C16E6 3.6 (70 mM) 5 
Tergitol 15-S-7  0.6 M Na2SO4 1.0 40 
Triton X-114 35°C 0.05 60 
  0.2 20 
 65°C 0.5 500 
  1.0 250 
PEG/PPG-18/18 
dimethicone 
50°C 0.05 100 


































4.0 M HCl 0.25 30 
  1.0 11 
 5.0 M HCl 0.25 14 
  1.0 8 
Dodecanoulfonato 
sódico 
3.0 M HCl 0.25 50 
  1.0 4 
 4.0 M HCl 0.25 117 













s Cetrimida 6.8 M NaCl, 
0.05 (%, v/v) 1-octanol 
0.5 5 
 6.8 M NaCl, 
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El procedimiento general consta de dos etapas:  
 
a) Formación del SUPRAS. En esta etapa el tensioactivo se añade a la muestra 
a concentraciones por encima de la cac y se establecen las condiciones de 
coacervación. La formación del disolvente se lleva a cabo en tubos de vidrio 
de centrífuga modificados con el objeto de realizar una medida más exacta 
del volumen de SUPRAS producido  (Figura 8a). 
 
b) Extracción de los analitos. La mezcla se agita durante un determinado 
tiempo con objeto de favorecer la transferencia del analito o analitos al 
SUPRAS y a continuación se centrifuga para acelerar la separación de las 
fases. Los analitos extraídos generalmente se determinan mediante inyección 
directa de una alícuota del extracto del  SUPRAS en un cromatógrafo de 












a) Formación del SUPRASs                           b) Extracción/concentración de los analitos 
 
Figura 8. Modo de operación cuando la formación del coacervado se realiza directamente en 
la muestra 
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La separación del SUPRASs con mayor densidad que el agua se suele hacer 
enfriando el tubo después de la centrifugación. De esta forma se incrementa la 
viscosidad del disolvente, que se adhiere a las paredes del tubo, facilitando así el 
desecho de la disolución de equilibrio por decantación. La eliminación completa de 
la fase acuosa, cuando es necesario, se lleva a cabo por evaporación bajo una 
corriente de nitrógeno. La mayoría de los tensioactivos no-iónicos (p. ej. Triton X-
114, Triton X-100, PONPE 7.5, PEG/PPG-18/18 dimeticona) y zwiteriónicos 
empleados en extracción son más densos que las muestras acuosas. Sin embargo, 
también se han observado fases menos densas que la disolución de equilibrio para 
los tensioactivos alquiletoxilados con un número de unidades de oxietileno inferior 
a 12 en presencia de elevadas concentraciones de sal y altas temperaturas  (por 
ejemplo, [NaCl] = 0,8 M y 80ºC [46]). Del mismo modo, los SUPRAS producidos a 
partir de disoluciones de micelas catiónicas [53] y aniónicas [20] son menos densos 
que el agua y esto facilita la retirada de extracto. 
 
Cuando se usan tubos cilíndricos de centrífuga para el proceso de extracción, el 
volumen de SUPRASs generado puede calcularse fácilmente a partir de la expresión 
π r2h, siendo r el radio de la sección de tubo y h la altura de la columna de líquido 
que el SUPRAS ocupa en el mismo. En el caso de SUPRASs menos densos que el 
agua, la exactitud de las medidas puede mejorarse usando tubos de centrífuga en los 
que se ha estrechado la sección en la zona en la que se ubicará el SUPRAS y 
midiendo la altura con un calibrador digital. Otra alternativa es extraer todo el 
volumen de disolvente con una microjeringa y pesarlo. La medida directa del 
volumen mediante una microjeringa graduada es difícil debido a la alta viscosidad de 
los SUPRASs, especialmente los constituidos por agregados de tensioactivos no-
iónicos (p.ej. 120-200 cp para SUPRASs de Triton X-114). 
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La extracción de muestras sólidas (0.1-1 g) con SUPRAS se ha llevado a cabo 
normalmente añadiendo éstas a una disolución acuosa que contiene los 
componentes necesarios para generar el SUPRAS (tensioactivo, sal, temperatura, 
etc.). Así el soluto se distribuye en tres fases al alcanzar el equilibrio: la muestra, la 
disolución acuosa de equilibrio y el SUPRAS. Este formato es válido para analitos 
apolares de modo que el equilibrio de distribución está favorecido hacia el SUPRAS. 
Al mismo tiempo, la disolución de equilibrio puede retener compuestos polares de 
la matriz. Por esta misma razón este formato no es adecuado para compuestos muy 
solubles en agua, para los que se obtienen bajos rendimientos de extracción. Con 
este fin se ha propuesto un nuevo modo de extracción basado en la formación 
previa del SUPRAS y adición directa del mismo a la muestra sólida [54] (Figura 9). 
De este modo se han conseguido extraer residuos veterinarios (flumequina y ácido 
oxolínico, con constantes octanol-agua de 0.94-1.5) de muestras de pescado y 








  Figura 9.  Extracción directa de muestras sólidas con SUPRAS 
 
Los disolventes supramoleculares también se han empleado en el formato de 
extracción en una gota (single-drop microextraction, SDME) [55]. Para ello se han 
utilizado SUPRASs constituidos por vesículas de ácidos carboxílicos y se han 
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aplicado a la extracción de clorofenoles en aguas ambientales.  El dispositivo 
empleado se muestra en la figura 10. La formación de gotas esféricas y estables de 
SUPRAS en la punta de microjeringas convencionales depende del tipo de fuerzas 
intermoleculares que se establecen entre las cabezas polares del tensioactivo. Los 
puentes de hidrógeno son suficientemente estables para permitir la formación de 
gotas esféricas y así, los SUPRASs compuestos de ácidos carboxílicos son ideales 
para esta aplicación. El uso de SUPRASs en SDME constituye una alternativa 
ventajosa al uso de disolventes orgánicos convencionales en aplicaciones en las que 
los analitos son polares o cuando la determinación posterior de los mismos se 











Figura 10. Dispositivo para la extracción en una gota de SUPRAS 
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Además de la miniaturización, otra tendencia en la extracción con SUPRASs es 
la automatización. Fang et al. [56] fueron los primeros en utilizar el análisis por 
inyección en flujo (flow injection analysis, FIA) con este fin. En este caso la separación 
de fases se lleva a cabo por adición de sal en lugar de temperatura, lo cual simplifica 
el proceso, y se usa una columna de algodón para retener los agregados de 
tensioactivo del SUPRAS que contienen los analitos. La elución de los mismos se 
lleva a cabo con un disolvente orgánico. También se han desarrollado 
acoplamientos en línea a cromatografía de líquidos-fluorescencia (CL/FL) [57]. Para 
ello, las muestras acuosas que contienen el analito y el tensioactivo (en este caso 
PAHs y Tergitol 15-S-7) se inyectan en la válvula de CL de seis vías y se añade 
sulfato amónico para producir la separación de fases. La fase rica en tensioactivo y 
PAHs se retiene en una columna de gel de sílice y pasado unos minutos se cambia la 
válvula a la posición de inyección, de modo que la fase móvil arrastra el analito y el 
tensioactivo al sistema de CL/FL. 
 
5.  COMPATIBILIDAD CON TÉCNICAS DE SEPARACIÓN Y 
DETECCIÓN 
 
Los disolventes supramoleculares se han usado principalmente en combinación 
con cromatografía de líquidos (CL) acoplada a detectores de UV-visible, 
fluorescencia y espectrometría de masas (EM). Tras la extracción se inyecta el 
disolvente en el sistema de CL, normalmente sin previa dilución o clean-up. Los 
agregados supramoleculares se destruyen en la fase móvil hidroorgánica y producen 
una elevada concentración de monómeros de tensioactivo que presentan un tiempo 
de retención definido de acuerdo a la polaridad del analito. Sin embargo, cuando se 
usan fases móviles con un alto contenido en agua (>40%), estos agregados se 
destruyen lentamente a lo largo del sistema cromatográfico, dando así lugar a una 
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pseudofase donde los analitos se distribuyen. La introducción de este mecanismo de 
separación adicional puede beneficiar o perjudicar la resolución cromatográfica de 
los solutos de interés. En el segundo caso, se aconseja diluir el extracto con 
disolvente orgánico (p. ej. a un factor 1:1) previa a su introducción en el sistema 
cromatográfico.  
 
La estructura y propiedades físico-químicas del tensioactivo son fundamentales 
para lograr una separación cromatográfica con éxito y la posterior detección de los 
analitos. Los tensioactivos no iónicos pertenecientes a la serie de Triton X (octil 
fenoles etoxilados) y PONPE (nonil fenoles etoxilados), que están disponibles 
comercialmente como una mezcla de homólogos y oligómeros, no son una buena 
opción para la separación/detección de compuestos con polaridad media/alta 
debido a que dan lugar a picos cromatográficos muy anchos y tienen alta 
probabilidad de coeluir con los analitos de interés. Además la presencia de anillos 
aromáticos en las estructuras de estos tensioactivos da lugar a elevadas señales de 
absorbancia. El uso de tensioactivos iónicos o zwitteriónicos no aromáticos es una 
alternativa a esta desventaja. Estos tensioactivos eluyen a tiempos de retención bajos 
generando picos cromatográficos estrechos y además no absorben por encima de 
210 nm, por lo que se evita la  problemática anterior. Cuando se usa espectrometría 
de masas, como regla general se envía a desecho la ventana de elución de 
tensioactivo después de la separación cromatográfica. De este modo se evita el 
ensuciamiento de la fuente y la posible pérdida de eficiencia en la ionización de los 
solutos, lo que produce una disminución de la sensibilidad en la determinación de 
los mismos. 
 
En la última década se han realizado importantes avances en el acoplamiento 
de las extracciones basadas en SUPRASs y el análisis por cromatografía de gases 
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(CG). Para ello, se han desarrollado estrategias centradas principalmente en la 
eliminación del tensioactivo (normalmente Triton X-114) antes de la inyección. Con 
este propósito se han usado columnas de SPE para retener el tensioactivo y eluir los 
analitos (por ejemplo columnas de gel de sílice y Fluorisil en serie  para pesticidas 
[58]) o viceversa, con columnas de intercambio iónico en el caso de analitos 
cargados como fenotiazinas [59]. Por otro lado se han aplicado con éxito re-
extracciones líquido-líquido (back-extractions) del analito contenido en el SUPRASs 
(como PAHs o difenil éteres polibrominados) a un disolvente inmiscible en agua 
usando energía de microondas o ultrasonidos [60,61]. Recientemente se ha 
propuesto una nueva estrategia que no requiere la eliminación del tensioactivo que 
constituye el SUPRAS y se basa en la derivatización del mismo, en este caso Triton 
X-114, con N,O-bis(trimetilsilil) trifluoroacetamida [62]. El pico cromatográfico 
correspondiente al tensioactivo derivatizado es estrecho y permite la cuantificación 
exacta y reproducible de una variedad de analitos como PAHs, herbicidas y 
profenos e incluso de analitos poco volátiles, como ibuprofeno y flurbiprofeno, que 
son derivatizados al mismo tiempo que el tensioactivo. 
 
Aunque el uso de los tensioactivos en electroforesis capilar (CE) es una práctica 
habitual, ya sea como aditivos o como componentes de micelas en cromatografía 
electrocinética micelar (MEKC), el uso de SUPRASs para la extracción y posterior 
análisis con  CE no está muy extendido, si bien se han logrado algunos avances en 
la última década. 
 
Los extractos de SUPRASs son compatibles con las fases móviles utilizadas en 
electrocromatografía capilar (CEC), ya que esta técnica es un híbrido entre CE y LC. 
El único tratamiento post-extracción que se requiere en este tipo de CE es la 
dilución del extracto con un disolvente orgánico para evitar la obstrucción capilar. 
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Esta estrategia se ha aplicado a la determinación de PAHs, dibenzo-p-dioxinas 
policloradas (PCDDs) y ftalatos [19,63] utilizando como fase  estacionaria C18. Las 
separaciones son reproducibles, pero los tiempos de migración pueden variar, 
comparados con los estándares, debido al recubrimiento dinámico de la fase 
estacionaria por el tensioactivo residual. 
 
Por otro lado se han obtenido resultados satisfactorios combinando 
extracciones con SUPRAS y electroforesis capilar de zona (capillary zone 
electrophoresis, CZE) mediante el uso de medios no acuosos para evitar la 
adsorción del tensioactivo sobre la pared del capilar [64,65]. Cuando por el 
contrario se usan disoluciones reguladoras acuosas tiene lugar la adsorción de una 
elevada cantidad de tensioactivo sobre la pared del capilar de sílice dando lugar a 
una marcada pérdida en eficiencia y reproducibilidad en cuanto a tiempos de 
migración y reproducibilidad en los picos electroforéticos [66]. 
 
También ha sido posible la combinación de extractos de SUPRAS diluidos con 
disolvente orgánico y MEKC, normalmente metanol, con factores de dilución de 
1.5-3 para reducir su viscosidad.  De este modo se han analizado con éxito 
compuestos fenólicos en aguas [67] o verde de malaquita en pescado [68].  
 
Por último, también se han abordado estrategias para eliminar el tensioactivo 
antes de su introducción en CE [69]. Así, se ha llevado a cabo la re-extracción de los 
analitos en disolución acuosa, previa derivatización, para conferirles carácter 
hidrófilo [70] o basándose en sus características ácido-base [71]. Con este enfoque 
se obtienen extractos prácticamente exentos de tensioactivo evitando así su 
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interferencia en la inyección y separación electroforética. Esta metodología se ha 
aplicado a la determinación de fenol y m-nitrofenol [70] y auxinas [71]. 
 
6.  APLICACIONES ANALÍTICAS 
 
Los disolventes supramoleculares se han utilizado extensamente para la 
extracción de metales de muestras acuosas [72,73] y compuestos orgánicos en 
muestras medioambientales, biológicas, de alimentos etc, [74,75,76,77]. Dado que el 
campo de aplicación de esta tesis se centra en la determinación de compuestos 
orgánicos, a continuación realizamos una breve descripción de las aplicaciones de 
los SUPRAS a la extracción de los mismos, agrupando las aplicaciones en función 
de la naturaleza del tensioactivo utilizado para la síntesis del SUPRAS. En las Tablas 
3, 4 y 5 se resumen las principales características de algunos de los métodos 
analíticos desarrollados. 
 
6.1. Micelas acuosas de tensioactivos no iónicos 
 
Los SUPRASs generados a partir de disoluciones de micelas no iónicas 
mediante un incremento de la temperatura de la disolución han sido, con diferencia, 
los más utilizados en extracciones analíticas Una de las principales razones para este 
liderazgo es la escasa atención que se ha prestado al desarrollo de SUPRASs 
alternativos por parte de los investigadores involucrados en el área. 
 
Las aplicaciones desarrolladas se han centrado principalmente en la extracción 
de PAHs [57,78,79], pesticidas [80,81,82,83,84] y compuestos bioactivos [85,86,87] 
presentes en el medio ambiente, alimentos y muestras biológicas, respectivamente 
(Tabla 3). También se han desarrollado aplicaciones interesantes  relacionadas con la 
extracción de colorantes [88,89], alteradores endocrinos [90]  y fenoles [91]. La 
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mayoría de las extracciones son cuantitativas (el porcentaje de recuperación está 
usualmente en el intervalo 80-100%).   
 
Aunque son muchos los tensioactivos no iónicos que están disponibles 
comercialmente, el Triton X-114 continúa siendo el preferido para la formación de 
este tipo de SUPRASs, seguido por Triton X-100 y Genapol X-080. La mayoría de 
las aplicaciones utilizan concentraciones de tensioactivo alrededor del 1%, aunque 
las extracciones cuantitativas de compuestos bioactivos en muestras biológicas 
requieren el uso de porcentajes superiores (3-10%). Puesto que el volumen de 
SUPRAS obtenido depende del porcentaje de tensioactivo utilizado en la síntesis, 
no cabe esperar elevados factores de concentración utilizando SUPRASs obtenidos 
a partir de micelas no iónicas de tensioactivos que coacervan debido a un 
incremento de la temperatura de la disolución. Los límites de detección que 
generalmente se alcanzan son del orden de µgL-1, lo cual limita su uso para 
aplicaciones que requieren mayor sensibilidad.  
 
El factor de preconcentración puede incrementarse trabajando a temperaturas 
por encima de la requerida para la coacervación pues en estas condiciones se 
obtienen SUPRAS con menor contenido de agua y por lo tanto el volumen de 
SUPRAS producido para una determinada cantidad de tensioactivo disminuye. La 
adición de sales, que provocan la disminución de la temperatura de coacervación, 
también produce mejoras en el factor de preconcentración. Esta es la razón por la 
que las extracciones se llevan a cabo habitualmente a temperaturas de trabajo entre 
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Tabla 3. Aplicaciones de SUPRASs de micelas acuosas de tensioactivos no iónicos a 
la extracción de compuestos orgánicos en procesos analíticos  
Analito Muestra 
Tensioactivo (%)/ 
Condiciones de coacervación 
Separación-detección   



















LODs: 1-150 ng L-1 
 85 
Pesticidas Frutas  Triton X-114/ 1.5 % (w/v) 








Triton X-114/ 0.14 % v/v 
Temperatura (50 ºC)  y NaCl (100 




LODs: 0.12-0.24 ng mL-1 
 80 
Arroz Triton X-100/ 1% w/v 





LOD: 0.5 ng g-1 
 82 
Arbidol Plasma  
de rata 










Triton X-114/5 % w/v 




LOD: 10 ng mL-1 






Genapol X-080/10% v/v 
Temperatura (60ºC) y NaCl (2 M) 
CL-UV  
Rs: 94-97 
LOD: 93-124 ng mL-1 
  106 
Xantohumol 
 
Cerveza Triton X-114/2.5 % v/v 
Temperatura (70 ºC) y NaCl 
(15%w/v) 
CL-UV FCT: 16 
Rs: 90.7-101.9 
LOD: 3 µg L-1 
  87 
Colorantes 
tipo  Sudan 
Chile 
 
Triton X-100/3% w/v 




LODs: 2-4 ng g-1 










Micelas acuosas de Triton X-114/ 
0.25 % w/v 




LODs: 0.23 ng mL-1 






Genapol X-080/3% w/v 




LODs: 1-10 µg L-1 
  91 
Alcaloides Tabaco Triton X-114/5% w/v 
Temperatura (50 ºC) y NaCl (100 L 
deuna disolución saturada) 
CG-EM 
Rs: 80.4  
LODs: 7.1 g g-1 
  107 
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Analito Muestra 
Tensioactivo (%)/ 
Condiciones de coacervación 
Separación-detección   
     
Caseina Leche de 
vaca 
 
Triton X-114/1% w/v, NacL (6 % ) MALDI-TOF-EM detector  
LODs: 5 g mL-1 






Triton X-114/0.1% (v/v) 
Temperatura(60ºC) 
0.2 M NaCl 
CL-UV y CG-EM  
FCT: 500 
Rs: ~96.5-102 
LODs: 0.3-1.27 ng m L-1 




   109 
Abreviaturas:  SUPRASs, disolvente supramolecular (supramolecular solvent); LE, cromatografía de 
líquidos; FL, detección con fluorescencia; FIA, análisis por inyección en flujo (flow injection analysis); UV, 
detección ultravioleta; CG,cromatografía de gases, FPD, fotometría de llama, (flame photometry 
detection); Vis, detección en el visible; ESI(-), ionización por electrospray, modo negativo; EM, 
espectrometría de masas; TI, trampa iónica; APCI(+), ionización química a presión atmosférica 
(atmospheric pressure chemical ionization), modo positivo; MALDI, desorción/ionización con láser 
asistida por la matriz (matrix-assisted laser desorption); TOF, tiempo de vuelo (time of flight). Factor de 
concentración teórico(FCT), recuperaciones (Rs, %)  y límites de detección (LOD) y cuantificación (LOQ) 
 
 
La detección ultravioleta acoplada a CL es el sistema más utilizado para el 
análisis de los extractos de este tipo de SUPRASs. Uno de los problemas más 
importante en estas aplicaciones es la falta de disponibilidad comercial de 
tensioactivos no iónicos de tipo alquil etoxilados puros. Éstos se suministran como 
una mezcla de homólogos y oligómeros y  como consecuencia se producen serios 
problemas de coelución cromatográfica con los analitos.   
 
6.2. Micelas acuosas de tensioactivos iónicos 
 
Los SUPRASs formados a partir de la coacervación de micelas aniónicas en 
medio ácido han sido, con diferencia, los más utilizados entre las micelas iónicas 
(Tabla 4). Se han aplicado con éxito a la extracción de una gran variedad de analitos, 
incluyendo PAHs [92,93,94], pesticidas [95,96,97] y agentes tensioactivos [21,47,94] 
en muestras ambientales. Se han descrito también aplicaciones interesantes para 
SUPRASs generados a partir de micelas catiónicas (por ejemplo, extracción de 
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compuestos bioactivos [20] y clorofenoles [53]). En combinación con LC-UV y LC-
FL, los límites de detección que se alcanzan son del orden de µg L-1 y ng L-1, 
respectivamente.  
 
Tabla 4. Aplicaciones de SUPRASs de micelas acuosas de tensioactivos iónicos a la 
extracción de compuestos orgánicos en procesos analíticos  
Analito Muestra 
Tensioactivo (%)/ 
Condiciones de coacervación 







Sodio de ácido dodecano  sulfónico 













Dodecano sulfonato sódico (SDoS)/ 
2% w/v, 4 M HCl 
CL-FL  
Rs:71-98 









Dodecano sulfonato sódico (SDoS)/ 
0.9 % (w/v), 5.4M HCl 
 
CL-UV 
FCTs: 6.9  
Rs: 94-100 




lago y nieve 
Dodecil sulfato sódico (SDS)/ 
2 % w/v, 5.4M HCl 
Fluorimetría 
FCT: 3.7 
Rs:  90.7-98.6 
LODs: 1.90, 0.89 µg L-1 
95 
Tensioactivos Lodo de 
depuradora  
Dodecano sulfonato sódico (SDoS)/ 




LODs: 40-75 mg Kg-1 
48 
Vitamina E Agua Sodio de ácido dodecano  sulfónico 









Cetrimide y 1-octanol como  co-
tensioactivo/0.46 % w/v  




LODs: 27-62 µg L-1 
80 
Abreviaturas:  Iguales a la Tabla 3 
 
Una desventaja para la aplicación rutinaria de este tipo de  SUPRASs son las 
condiciones requeridas para la coacervación (3-4 M HCl en el caso de micelas 
aniónicas y 4 g NaCl para micelas catiónicas). Sin embargo, estas condiciones, a 
priori indeseables, pueden ser ventajosas en ciertas aplicaciones, como la extracción 
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de tensioactivos catiónicos de muestras de suelo, lodo y sedimentos, ya que el 
medio ácido favorece la desorción del tensioactivo de la matriz mediante 
intercambio iónico. Estos SUPRASs permiten alcanzar factores de concentración 
elevados a bajas concentraciones de tensioactivo (p. ej. 140 con 0.1% of dodecano 
sulfonato [92]).) y a diferencia de los no-iónicos, los tensioactivos aniónicos están 
comercialmente disponibles como un único homólogo y muestran tiempos de 
retención bajos. Estas características los hacen adecuados para su uso en 
espectrometría de masas, ya que los picos cromatográficos son estrechos y pueden 
así enviarse fácilmente a desecho después de la separación cromatográfica.  
 
6.3. Micelas acuosas mixtas 
 
La coacervación de micelas mixtas de tensioactivos de tensioactivos no iónicos 
e iónicos, constituye una buena estrategia para la extracción de compuestos iónicos 
(Tabla 5). El agente coacervante más frecuente es la temperatura (40-85 ºC), en 
presencia y en ausencia de sales. Una vez más, el  Triton X-114 ha sido el 
tensioactivo no iónico más utilizado en estas mezclas, junto con cetil trimetil 
amonio bromuro y dodecil sulfato sódico, para la extracción de compuestos 
aniónicos y catiónicos, respectivamente. Entre las aplicaciones desarrolladas, destaca 
la extracción de plaguicidas [98], compuestos bioactivos [98,99,100,101], colorantes 
[102], ácidos húmicos y fúlvicos [103] y explosivos [104]. Las recuperaciones son 
generalmente cuantitativas y se han obtenido factores de preconcentración de hasta  
167. 
 
De la misma manera que para los SUPRASs formados a partir de micelas 
acuosas no iónicas, la detección UV ha sido el sistema de detección preferido tras la 
separación cromatográfica de los extractos, obteniéndose límites de detección  a 
niveles de  µg L-1. 
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Tabla 5. Aplicaciones de SUPRASs de micelas acuosas mixtas a la extracción de 
compuestos orgánicos en procesos analíticos  
Analito Muestra 
Tensioactivo (%)/ 
Condiciones de coacervación 
Separación-detección   





POLE  (0.26 % w/v) y polioxietilen-
4-lauril éter (Brij 30, 0.74 % w/v), 















Triton X-114 y dodecil sulfato 
sódico (SDS)/ 0.2 % w/v y 0.2% w/v 
5 % w/v NaCl 
 
Detector UV  
Rs:  96-105  




 Triton X-114 y bromuro de 
cetiltrimetil amonio (CTAB)/ 
1.5 % w/v y 0.06 w/v 





LODs: 2-3 ng mL-1 
99 
 Medio de 
cultivo 
N-Decyltetra óxido de etilene 
(C10E4) con el co-tensioactivo 
cholesteril-D-alanil-D-alanina 












Triton X-114 y bromuro de 
cetiltrimetilamonio (CTAB)/ 
 0.2 % w/w y 0.012% w/w 




LOD: 5 µg L-1 
103 
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The potential of the tetrabutylammonium-induced liquid-liquid-phase 
separation in alkyl carboxylic acid vesicular solutions for the extraction of organic 
compounds prior to liquid chromatography was examined for the first time. The 
behavior of the coacervates yielded from octanoic to oleic acids as a function of the 
pH and salts was investigated. The time required for phase separation depended on 
the length of the carboxylic acid alkyl chain and the experimental procedure (i.e., 
standing, sonication, centrifugation, stirring, etc.). Theoretical preconcentration 
factors were a function of both surfactant concentration and the length of the alkyl 
chain, and they greatly surpassed those obtained with other surfactant-mediated 
separations (e.g., surfactant-rich phases from dodecanesulfonic acid or Triton X-
114). Parameters affecting the extraction efficiency were assessed. Analytes in a 
wide polarity/charge range, (e.g., PAHs, surfactants, chlorophenols, bisphenols, 
phthalates, herbicides, amines, dyes, and photographic developers) were extracted 
Analytical Chemistry, 78 (2006) 7229–7339 
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with high efficiencies on the basis of the different types of interactions that the 
vesicular coacervates can establish (i.e., hydrophobic and ionic interactions, 
hydrogen bonds, and formation of mixed aggregates). The coacervates were 
compatible with the chromatographic determination of analytes following UV or 
MS detection. Their suitability for working under real conditions was checked by 
applying them to the extraction of nonionic surfactants [alkylphenol ethoxylates 
(octyl and nonyl) and alcohol ethoxylates (C12-C16)] from raw and treated sewage 
and to river water samples. Analytes in the coacervate were separated and quantified 
by liquid chromatography-ion trap mass spectrometry. No clean up steps were 
necessary. Recoveries of the target compounds in the environmental water samples 
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INTRODUCTION 
 
The development of solventless extraction techniques constitutes one 
important issue in chemical analysis. One of the most recent trends is 
miniaturization of the traditional liquid-liquid extraction method, and emerging 
technologies, such as liquid-phase microextraction and single-drop microextraction, 
are obtaining general acceptance.1-4 Main benefits obtained with these techniques 
include speed and negligible volume of solvents used. 
 
Coacervation, a phenomenon described by the Dutch chemists Bungenberg de 
Jong and Kruyt5 and defined by IUPAC as the separation of colloidal systems into 
two liquid phases6 (one rich in colloid, i.e., the coacervate, and the other containing 
little colloid) constitutes an excellent way for obtaining solvent-free extractions. 
Coacervation is distinguished from precipitation, which is observed in the form of 
coagulum or flocs and occurs in colloidally unstable systems. A number of 
macromolecules including proteins, polysaccharides, synthetic polymers, drugs, and 
supramolecular assemblies (e.g., micelles) have been known to undergo liquid-
liquid-phase separation.7 
 
Coacervation is classified into simple and complex depending on the phase 
separation mechanism. The former involves one neutral or charged macromolecule, 
and the coacervation is induced by a dehydrating agent (salt, a nonsolvent, pH, or 
temperature) that promotes macromolecule-macromolecule interactions over 
macromolecule-solvent interactions.8 Complex coacervation involves two 
oppositely charged macromolecules, and phase separation is primarily controlled by 
electrostatic factors (e.g., macromolecular charge densities, ionic strength, etc.).9 
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Application of the coacervation phenomenon to analytical extraction processes 
has invariably involved the use of dehydrating agent-induced coacervates made up 
of aqueous micelles. Nonionic surfactant micelle-based coacervates, induced by 
temperature changes, have been by far the most used ones. This approach, initially 
reported by Watanabe et al.10 and named the cloud point extraction (CPE) 
technique, has been extensively reviewed.11-16 
 
Nowadays, parameters affecting extraction efficiencies, preconcentration 
factors, and advantages/limitations associated with CPE are well known, which 
facilitates its implementation in new analytical extraction processes. Because of the 
nonionic character of surfactants, extraction of organic compounds using CPE is 
primarily governed by hydrophobic interactions. 
 
Coacervates made up of ionic micelles have been proposed in the past few 
years17,18 in order to expand the number of organics that can be extracted. 
Alkyltrimethylammonium micelle-based coacervates have been known to extract 
chlorophenols efficiently, probably because of the π-cation interactions that can be 
established between analytes and the polar group of surfactants.17 Unfortunately, the 
high electrolyte concentration required for coacervation (e.g., 400 g/L NaCl) has 
restricted the analytical applications of these coacervates. The acid-induced 
coacervation of alkyl sulfates, sulfonates, and sulfoccinates18 has proved its 
usefulness for the extraction of amphiphilic organic pollutants from environmental 
solid samples such as soils, sediments,19 and sludge.20,21 Extractions were based on 
the formation of analyte-extractant mixed supramolecular aggregates, which 
facilitated the breakdown of analyte-matrix bonds and provided high extraction 
yields. 
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Despite the achievements reached, additional research effort has to be made 
before coacervation becomes a widely accepted solvent-free extraction strategy. A 
main challenge is to make coacervates applicable for a wider range of analyte types 
in terms of polarity/charge. This achievement should not be difficult for coac-
ervates made up of supramolecular assemblies (i.e., aqueous and reverse micelles, 
vesicles, etc.), since the type of interaction they can establish with analytes can be 
conveniently varied depending on the amphiphilic polar group selected. 
Unfortunately, application of ionic supramolecular assembly-based coacervates has 
been hindered in practice, because whereas clouding is a familiar phenomenon in 
nonionic surfactants, the phenomenon rarely occurs for charged molecular 
aggregates, presumably because electrostatic repulsion prevents phase separation.22 
So, the study of conditions leading to coacervation from ionic supramolecular 
systems is interesting, from both a theoretical and a practical point of view, and 
research addressed to this has been conducted by different physical-chemical groups 
in the past few years.22-27 
 
This paper explores the capability of the tetrabutylammonium-induced liquid-
liquid-phase separation in vesicular solutions of alkyl carboxylic acids of various 
chain lengths (C8-C18) for the extraction of organic compounds prior to liquid 
chromatography. The coacervation of this system is here described for the first 
time. Formation of salt-induced vesicle-rich liquid phases from surfactant aqueous 
solutions has been previously described.23,24 
 
Also, the use of binding salts (e.g., tetrabutylammonium) is becoming a 
frequent practice to induce coacervation of ionic surfactants.25-27 Any of these 
systems has been used for analytical purposes. Two characteristics make the alkyl 
carboxylic acid-based coacervates have a high potential for analytical extraction pro-
cesses. First, the polar region of molecular aggregates consists of protonated and 
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deprotonated carboxylic groups and ammonium groups, so a number of 
interactions (e.g., electrostatics, π-cation, hydrogen bonds, formation of mixed 
aggregates, etc.) can be established with analytes, in addition to hydrophobic 
interactions in the hydrocarbon region. Second, vesicles have a number of available 
solubilization sites so, high concentrations of polar and apolar molecules can be 
solubilized in each aggregate. In this paper, the parameters affecting the extraction 
efficiency and concentration factors of vesicular coacervates are evaluated, the 
analyte types at which these coacervates are applicable are determined, and their 




Chemicals. All chemicals were of analytical reagent grade and employed as 
supplied. The carboxylic acids octanoic (caprilic), hexadecanoic (palmitic), and cis-9-
octadecenoic (oleic) were purchased from Riedel-de Haën (Seelze, Germany); 
decanoic (capric) and dodecanoic (lauric) were purchased from Fluka (Madrid, 
Spain); and tetradecanoic (miristic) was obtained from Aldrich (Milwaukee,WI). The 
tetrabutylammonium hydroxide (Bu4NOH) and tetrabutylammonium bromide were 
obtained from Fluka and Sigma, respectively. Organic compounds investigated to 
study extraction efficiencies and preconcentration factors were obtained from 
Riedel-de Haën (dibutyl phthalate, benzylbutyl phthalate, difenzoquat), Aldrich 
(benzo[a]pyrene, pyrene, disperse orange 13, hydroquinonesulfonic acid, 
benzyldimethyldodecylammonium bromide, benzyldimethyltetradecylammonium 
chloride), Sigma (St. Louis, MO) (parathion, Coomassie Brilliant Blue G, 
naphthylamine, naphthalene, anthracene, 2,4,6-trichlorophenol), Merck (Darmstadt, 
Germany) (atrazine, 4-chlorophenol, 2,4-dichlorophenol, 2,3,4,6-tetrachlorophenol, 
pentachlorophenol), Fluka (bisphenol A, bisphenol F), and Masso and Carol (Barce-
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lona, Spain) (alkyl benzenesulfonates). Stock solutions of these reagents were 
prepared in bidistilled water except for PAHs that were made in methanol/water 
(50:50). HPLC grade acetonitrile and methanol were supplied by Panreac (Sevilla, 
Spain), and ultra-high-quality water was obtained from a Milli-Q water purification 
system (Millipore, Madrid, Spain). The individual polyethoxylated surfactants used 
corresponded to pure homologues containing a mixture of oligomers with a 
determined average (x) of ethoxy units. Octhylphenol ethoxylate (OPEx, x=9-10, 
Triton X-100) was obtained from Serva (Barcelona, Spain) and nonylpheno-
lethoxylate (NPEx, x=6) from Masso y Carol (Barcelona, Spain). The alcohol 
polyethoxylates C12(C12Ex, x=4) and C16 (C16Ex, x=2) were purchased from Sigma 
(Madrid, Spain), and C10 (C10Ex, x=3) and C14 (C14Ex, x=4) was from Fluka (Madrid, 
Spain). Stock solutions of the nonionic surfactants were prepared in methanol. 
 
Instrumentation. For optimization of extraction parameters, the 
chromatographic measurements were performed on a Spectra System SCM 1000 
(ThermoQuest, San Jose, CA) consisting of a P4000 quaternary pump and a 
UV6000 diode-array detector. In all experiments, a Rheodyne 7125NS injection 
valve, with a 20 µL sample loop was used (ThermoQuest). The stationary-phase 
column used for the analysis of neutral and anionic compounds was a 15 cm Nova-
Pack C18 4 µm column, with 3.9-mm i.d., from Waters (Milford, MA). A Zorbax 
Eclipse XDB C8 (150 4.6 mm, 5 µm) from Agilent Technologies (Waldbronn, 
Germany) was employed for the analysis of ammonium quaternary compounds. 
Separation and quantification of alkylphenol polyethoxylates (APE nonyl and octyl) 
and alcohol ethoxylates (C12-C16) in wastewater samples were performed by using a 
liquid chromatography/ion trap mass spectrometry system, LC/IT-MS (1100 Series, 
Agilent Technologies), which can be configured for APCI o ESI, and it is equipped 
with an automatic injector. The stationary-phase column was the same used for the 
analysis of ammonium quaternary compounds. A Mixtasel Selecta (Barcelona, 
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Spain) centrifuge was also used. Transmission electron microscopy investigations 
were carried out in a Carl Zeiss instrument, model EM10C operating at 80 kV. 
Light microscopy studies were performed with a Leica instrument, model DME, 
equipped with an automatic photocamera, using the bright field. 
 
Procedures. Determination of the Extraction Efficiency of Vesicle-Based Coacervates as 
a Function of the Variation of Experimental Variables. A typical extraction experiment 
involved preparation of a 10 mL aqueous solution in a glass tube containing an 
appropriate amount of Bu4NBr and 3.9 10
-5 M 4-chlorophenol (4-CP) that was 
selected as a model for this study. Then, a determined amount of alkyl carboxylic 
acid and sodium hydroxide was added, and without dissolving it, the mixture was 
centrifuged at 3000 rpm for 5 min to make easier the formation of the coacervate. 
Next, the mixture was stirred for 5 min to favor analyte partition and centrifuged at 
3000 rpm (2000g) for 5 min in order to accelerate phase separation. The coacervate, 
situated in the upper part of the tube, was then transferred to a 2 mL standard flask 
using a syringe, diluted to the mark with methanol, and 20 µL of the resulting 
solution analyzed by LC. The mobile phase consisted of acetonitrile/water (65:35) 
at a flow rate of 0.8 mL/ min. The detection wavelength was set at 280 nm. 
Calibration curves were performed in water since it was determined that the 
presence of the surfactant in the matrix did not alter the chromatographic signal of 
4-CP. The influence of variables, such as Bu4NBr (0.03-0.21 M), carboxylic acid 
(0.5-4%), and 4-CP (7.5 10-6-1.5 10-4 M) concentration, ionic strength (1 10-3-1 M 
NaCl), temperature (20-80 ºC), and extraction time (5-60 min), on the extraction 
efficiency for 4-CP was investigated in the ranges specified in parentheses. 
 
Concentration Factor Determinations. Theoretical concentration factors as a 
function of alkyl carboxylic acid chain length (8-18 carbon atoms) and 
concentration (0.025-4%), and Bu4NOH/ alkylcarboxylic acid molar ratio (0.5), 
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were calculated by measuring the volume of the coacervate. For this purpose, 
specially designed 10-mL tubes were used. These tubes had a narrow neck (7 mm 
internal diameter) in which the coacervate stayed after separation of the aqueous 
phase. The volume of the coacervate was calculated by measuring its height in the 
circular cylindrical neck of the tube. When the coacervate volume was too small for 
reliable measurements, 50 mL tubes were used instead. Experiments were 
performed in triplicate. 
 
Microscopic Characterization. For light microscopy studies, a thin strip of Parafilm 
was employed as a spacer between the microscope slide and the cover glass in order 
to prevent the collapse of aggregates. Samples for transmission electron micros-
copy were prepared by incubating 50 µL of the coacervate for 4 min in a Formvar 
film-coated copper grid plate. After washing twice with bidistilled water, 
phosphotungstenic acid (2%, pH 7.6, incubation time 1 min) was added for negative 
staining of the vesicles. Then, the excess of solution was mopped up with a piece a 
filter paper, and the grid was dried for 10 min before examination. 
 
Analysis of Nonionic Surfactants in River and Wastewater Samples. (1) Sample Collection. 
Influent and effluent water samples were collected from different municipal 
wastewater treatment plants (WWTPs; Linares, Bailén, and Mengíbar) in the south 
of Spain in May 2005. Linares WWTP receives about the same levels of domestic 
and industrial wastewater, Bailén WWTP receives 60% industrial effluents (mainly 
from built industries) mixed with 40% domestic wastewater. Mengíbar WWTP 
receives mainly domestic wastewater. River samples were taken from various 
streams flowing by Córdoba province (Guadarramilla, Guadajoz, Guadalquivir). 
Samples were collected in dark glass containers. They were immediately filtered 
through 0.45 µm nylon filters membranes (Analisis Vinicos S.L Tomelloso, Spain) 
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in order to remove suspended solids, and then they were adjusted to pH 2 by the 
addition of concentrated nitric acid. Finally, they were stored at 4 ºC. 
 
(2) Coacervate-Based Extraction. The pH of samples (40 mL) was adjusted at 5 by 
the addition of 1 M sodium hydroxide. Then, the sample was transferred to 50 mL 
tubes, which had narrow necks (7 mm internal diameter). Afterward, Bu4NOH 
(0.015 M) and octanoic acid (0.030 M) were added. The mixture was centrifuged 
(3000 rpm, 5 min) to make easier the formation of the coacervate, stirred (5 min) at 
900 rpm to favor partition of analytes, and then again centrifuged (3000 rpm 
(2000g), 5 min) to accelerate phase separation. The volume of the coacervate, which 
was standing at the top of the solution in the narrow neck of the tube, was 
measured. Aliquots of the coacervate (50 µL) were withdrawn using microsyringes 
and directly injected into the LC-MS system.  
 
(3)Liquid Chromatography-Mass Spectrometry. Separation and quantification of 
nonionic surfactants was performed by using a liquid chromatography-ion trap 
mass spectrometry system. The mobile phase was made up of acetonitrile/methanol 
(50:50, solvent A) and water (solvent B), both containing 1.5% ammonium acetate. 
The gradient elution program was as follows: isocratic conditions with 70% A/30% 
B for 5 min and then linear gradient from 30 to 5% B in 20 min. The flow rate was 
set at 1 mL/min. The diver valve was programmed to send the mobile phase 
containing carboxylic acid and the most polar matrix compounds to waste. So, only 
7 min after the beginning of the elution gradient program, the eluted components 
were sent to the ionization source.  
 
Quantification was carried out in the “APCI (+)” mode. The set of parameters 
used was as follows: capillary voltage 3.5 kV; corona discharge current 4000 nA; 
source and vaporizer temperature 300 and 350 ºC, respectively; drying gas flow 1 
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L/min; nebulizer gas 50 psi; capillary exit and skimmer voltage 180 and 25 V, 
respectively; trap drive 50; ion charge control 20 000; and mass scan range 200-1200 
m/z. MS quantification was carried out under full-scan conditions by measuring the 
peak areas of the extracted molecular ion chromatogram for each homologue at the 
m/z values corresponding to the [M + NH4]
+ ions obtained for the 20 oligomers 
(x=1-20) that typically can make up octylphenol, nonylphenol, and alcohol 
polyethoxylates (C12-C14) homologues. So, the mass spectra for homologues and the 
internal standard showed equidistant signals with mass differences of 44 
corresponding to the different oligomers present. Smooth chromatograms were 
obtained by using the Gauss function (width 3 points, cycles 1). Correlation 
between peak areas and homologue concentrations (5-5000 ng of absolute amount) 
were determined by linear regression and were in the range 0.993-0.998. The 
nonionic surfactant C10Ex (200 ng of absolute amount injected) was used as internal 
standard for quantification since this compound is found in negligible amounts in 
commercial nonionic mixtures. 
 
RESULTS AND DISCUSSION 
 
Tetrabutylammonium-Induced Coacervation of Alkyl Carboxylic Acid 
Vesicles: Characteristics of Analytical Interest. Mixtures of protonated and 
deprotonated alkyl carboxylic acid molecules (chain lengths higher than seven 
carbons) produce vesicles (pH range = apparent pKa ± 0.5-1, the apparent pKa 
being that of the acid inserted in a structure).28 The apparent pKa values for vesicles 
were calculated by measuring the pH of sonicated alkyl carboxylic acid/NaOH 
mixtures (molar ratio 2:1, three replicates). They were found to be 6.0±0.1, 7.0±0.1, 
7.8±0.2, 7.9±0.2, and 8.5±0.2 for octanoic, decanoic, dodecanoic, tetradecanoic, 
and oleic acids, respectively. 
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Vesicular solutions of alkanoic (alkyl = octyl, decyl, dodecyl, and tetradecyl) 
and oleic acids underwent coacervation in the presence of tetrabutylammonium 
(TBA) ions. Previously, the phase behavior of alkyl carboxylate-TBA salts (from 
dodecanoic to octacosanoic) mixtures was thoroughly investigated, and very small 
micelles were obtained instead of coacervation.29,30 The formation of vesicles in 
aqueous solution before adding Bu4N
+ ions was not essential to achieve liquid-
liquid-phase separation. In fact, the salting-in character of these ions accelerated the 
















Figure 1. (A) Phase behavior of decanoic acid/decanoate 1:1 mixtures in the presence of 
Bu4NBr at room temperature. (B) Variation of the phase volume ratio (Vcoacervate/Vaqueous phase) 
(1) and the remaining decanoic acid concentration in the aqueous phase, after coacervation 
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consequence the formation of coacervates. This behavior was interesting from a 
practical point of view since the scarcely water soluble dodecanoic/dodecanoate or 
tetradecanoic/ tetradecanoate mixtures took about 3 h and more than 24 h, 
respectively, to form aqueous vesicles under sonication at concentrations of 
analytical interest (e.g., 2%). 
 
Figure 1A shows as an example the phase diagram of tetrabutylammonium 
bromide concentration versus decanoic/decanoate concentration at room 
temperature. Because particularly stable vesicles are formed at pH values near the 
apparent pKa,
31 phase diagrams were obtained using alkyl carboxylic acid/ 
carboxylate mixtures at stoichiometric molar ratios. Three different regions, defined 
by the existence of a vesicular suspension, a coacervate, and a coexisting coacervate 
and solid phase, were observed for all the carboxylic acids tested as the Bu4N
+ 
concentration increased. The region encompassed by the coacervate (carboxylic 
acid/ Bu4N
+ molar ratios between about 10 and 0.3) was wide enough for analytical 




The pH range for coacervation was directly related to that of vesicle formation 
(i.e., apparent pKa ± 0.5-1). Beyond this range, the coacervate disappeared by 
precipitation of the carboxylic acid (pKa - (0.5-1)) or solubilization of the 
carboxylate (pKa + (0.5-1)), respectively. According to the apparent pKa of the 
vesicles investigated (see above), extractions should be carried out at neutral or 
slightly acid or basic pH values. 
 
The volume of the coacervate, and therefore the phase volume ratio 
(Vcoacervate/Vaqueous phase), was maximal for carboxylate/carboxylic acid molar ratios of 
1 and it progressively decreased as the molar ratio changed from 1 (e.g., see Figure 
Francisco J. Ruiz Moreno                                                          Tesis Doctoral 
 
 
- 74 - 
1B, curve 1, for decanoic acid). The remaining aqueous decanoate + decanoic 
concentration, after coacervation, varied in the opposite direction (Figure 1B, curve 
2) and reached a minimum at decanoate/decanoic acid molar ratios of 1. These 
results suggest that the volume decrease in curve 1 (Figure 1B) was due to the less 
favorable formation of vesicles in aqueous solution when the number of RCOO-
HOOCR bonds decreased.28 Therefore, stoichiometric amounts of carboxylic and 
carboxylate are recommended for extraction processes based on these coacervates. 
 
Because the self-assembly of alkyl carboxylic acids into aqueous vesicles is 
markedly inhibited at molar ratios of alkyl carboxylic acid to NaCl exceeding 3:1,28 
we investigated the effect of Bu4N
+ counterions on phase separation. Coacervates 
were produced from decanoic acid/Bu4NOH (0.15 M/0.075 M) and decanoic 
acid/decanoate/Bu4NX (0.075 M/0.075 M/0.075 M, X=Ac
-, Cl-, Br-) mixtures and 
the results compared. The volume of the coacervate decreased about 20, 30, and 
37% for Bu4NAc, Bu4NCl, and Bu4NBr, respectively, compared with Bu4NOH. 
This decrease was a counterion effect since similar results were obtained from 
decanoic acid/Bu4NOH (0.15 M/0.075 M) mixtures in the presence of KBr, NaCl, 
and NaAc salts. The volume of the rich phase progressively decreased with 
increasing salt concentration (e.g., the decrease was not appreciable at molar ratios 
of decanoic acid/salt of 5:1 and it was about 30, 44, and 50% for Bu4NAc, Bu4NCl, 
and Bu4NBr, respectively, at molar ratios of decanoic acid/salt of 1.5:10). The 
aqueous phase became turbid at the highest salt concentrations investigated (e.g., 1 
M). According to these results, we decided to produce the coacervates from 
carboxylic acid/Bu4NOH mixtures. 
 
 The time required for phase separation depended on the carboxylic acid alkyl 
chain length and the experimental procedure used, and it was related to the 
solubility of acids. Table 1 shows the results obtained for some of the alkyl 
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carboxylic acids investigated. The time considerably decreased using procedures or 
parameters that influenced solubilization. Turbid aqueous phases were obtained for 
 decanoic and dodecanoic acids by stirring above 500 rpm, and no phase separation 
was achieved for tetradecanoic acid after stirring the solution at 300 rpm for 24h. 
However, once formed, coacervates could be stirred until at least 1300 rpm 
although some dispersion of the rich phase occurred and centrifugation was 
required to get complete phase separation. Centrifugation was chosen for further 
studies. Rich phases were stable in the temperature range examined (0-90 ºC) for at 










Investigations on the structure of the coacervates were carried out using both 
light and transmission electron microscopy. Figure 2 shows as an example two 
micrographs obtained by these techniques for octanoic and decanoic acids, 
respectively. They clearly revealed that the packing of alkyl carboxylic acids in the 
coacervate consisted of unilamellar vesicles. The size distribution of the perfectly 
spherical structures was not uniform, although a higher proportion of bigger 
aggregates was observed as the length of the alkyl chain increased. Diameters 
between about 10 and 200 nm were measured. Unilamellar vesicles were observed 





Table 1. Time for Phase Separation as a Function of the Carboxylic Acid Alkyl Chain Length and Experimental 
Procedurea 
      time (min)    
           
  standing   stirring    
           
alkyl carboxylic 
20 ºC X  ºC 
100 300  centrifugation sonication  
acid rpm rpm 3000 rpm 40 kHz  
     decanoic 80 27 (28 ºC) 25 12                 5           7  
   dodecanoic 130 30 (35 ºC) 80 35  10            15  
  tetradecanoic 720 50 (45 ºC)     20             50  
 
a [Alkyl carboxylic acid] ) 0.15 M; [Bu4NOH] ) 0.075 M. 
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Figure 2. (A) Light microscopy (bright field) and (B) electron micrographs corresponding to 
coacervates obtained from 0.15 M/0.075 M alkyl carboxylic acid: Bu4NOH mixtures. (A) 
octanoic; (B) decanoic. The bar in (B) represents 0.12 µm. 
 
 
Theoretical Concentration Factors. The theoretical concentration factors 
that can be achieved in analytical extraction processes using alkyl carboxylic acid 
vesicle-based coacervates were determined at different surfactant concentrations. 
They were calculated as the ratio of the volume of the sample solution to that of the 
coacervate. Table 2 shows as an example the values obtained for octanoic and 
decanoic acids. Some of the values found in the literature for coacervates made up 
of Triton X-114 micelles15 and dodecanesulfonic acid micelles18 are also included.  
 
 These results indicate that high concentration factors can be obtained using 
vesicle-based coacervates, which enables preconcentration in highly dilute samples. 
These factors clearly surpassed those obtained by aqueous micelle-based 
coacervates. The dependence of the concentration factors with the alkyl chain 
length of the carboxylic acid was typical15 for alkanoic acids that were solids at room 
temperature, i.e., decanoic, dodecanoic, and tetradecanoic (melting points 31, 44, 
and 54 ºC, respectively). Thus, a decrease in the concentration factor was observed 
as the surfactant became more hydrophobic (e.g., concentrations factors of 69, 51, 
and 43 and 400, 277, and 208 were obtained for decanoic, dodecanoic, and  
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tetradecanoic, at concentrations of 1 and 0.1%, respectively). This trend was due to 
the fact that the phase volume ratio increased as the alkyl chain length of the 
surfactant increased. The behavior of octanoic and oleic acids, which are water-
nonmiscible liquids at room temperature (melting point 16 ºC), was slightly 
different. Thus, the concentration factors found were 50 and 46 and 400 and 250 
for octanoic and oleic, at concentrations of 1 and 0.1%, respectively. 
 
The actual effective preconcentration factors that can be achieved in practice 
by vesicular coacervates mainly depend on their extractive capacity for the analyte 
of interest. There is a linear relationship between the volume of coacervate gotten 
and the amount of surfactant making up it (e.g., the slope for decanoic is 1.6 
µL/mg). So, the actual preconcentration factor for a specific analyte will depend on 
the amount of surfactant required to get quantitative recovery. The surfactant 
concentrations normally used in coacervation-based extractions ranges from 0.1 to 
 
  
Table 2. Theoretical Preconcentration Factors for Different Coacervates 
 
  coacervates  
     
 octanoic decanoic dodecane- Triton 
 acid acid sulfonic X-114 
surfactant vesicle- vesicle- acid micelle- micelle- 
concn (%) baseda baseda based based 
0.025   1334    1334   
0.05   666    666   
0.1   400    400        170      83 
0.2   285    285   
0.4   188    227   
0.6   113    161        46      22 
0.8   63    96   
1   50    69        23      10 
2   27    38        10      7 
3   20    26   
4   16    18   
 
a Mean value of two replicates, Relative standard deviations 0.5-6%. 
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1%, so the preconcentration factors we can expect using vesicular coacervates are 














Figure 3. Percent recovery of 4-chlorophenol (3.9 10-5M) as a function of (A) 
alkylcarboxylate/alkylcarboxylic acid molar ratio ([alkylcarboxylic acid + alkylcarboxylate] ) 
3%) and (B,C) amount of alkyl carboxylic acid for coacervates obtained (B) in the presence of 
tetrabutylammonium and (C) at temperatures above the melting point. (1) octanoic, (2) 
decanoic, (3) dodecanoic, (4) tetradecanoic, and (5) oleic acids. 
 
Effect of Experimental Variables on the Extraction Efficiency of Bu4N
+-
Induced Alkyl Carboxylic Acid Coacervates. The effect of experimental 
variables expected to influence the extraction efficiency of organic compounds by 
vesicle-based coacervates was assessed. The compound 4-CP, which can establish 
both hydrophobic and specific (hydrogen bonds) interactions with alkyl carboxylic 
acids, was selected as a model. Naphthalene was also used in some experiments to 
evaluate hydrophobic interactions. These compounds were polar enough to 
establish the weight of the different factors on the extraction efficiency.32 
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 Panels A and B in Figure 3 show the recoveries obtained for 4-CP as a function 
of the carboxylate/carboxylic acid molar ratio and the total amount of carboxylic 
acid, respectively. The influence of the alkyl chain length of the carboxylic acid on 
the extraction efficiency of the coacervates was also studied in both experiments. 
Maximal recoveries were achieved around equimolecular concentrations of alkyl 
carboxylic acid and salt (Figure 3A) due to the higher amount of coacervate yielded 
(see Figure 1B, curve 1). Percentages of 3% were necessary to get maximal recovery 
of 4-CP (Figure 3B). 
 
The partition of 4-CP to coacervates increased as the length of the alkyl chain 
of the carboxylic acid decreased although octanoic and decanoic behaved similarly 
(Figure 3A, B). The distribution coefficients for the target analyte at alkyl carboxylic 
acid concentrations of 3% were 155, 150, 48, 23, and 9 for octanoic, decanoic, 
dodecanoic, tetradecanoic, and oleic, respectively. This dependence seemed not to 
be related to specific interactions because the partition of naphthalene to the 
coacervates was also higher for the shortest alkyl carboxylic acids. For example, the 
recovery of naphthalene was about 97, 98, 83, 72, and 58% in coacervates of 
octanoic, decanoic, dodecanoic, tetradecanoic, and oleic acids, respectively (alkyl 
carboxylic acid concentration 0.15 M; carboxylate/alkyl carboxylic acid molar ratio 
1). Decanoic and octanoic acids are recommended for extraction processes com-
pared with the largest alkyl carboxylic acids on the basis of the higher efficiency, 
experimental convenience (coacervates are produced faster, e.g., see Table 1 for 
decanoic), and lower cost of the former ones. We selected decanoic acid for 
optimization studies. 
 
The importance of forming vesicular structures to get high extraction yields 
was assessed by extracting 4-CP with pure alkyl carboxylic acids above their melting 
point. Figure 2C shows the dependence of the percent of extraction of 4-CP with 
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the amount of carboxylic acid. Higher extraction efficiencies were obtained for 
coacervates (Figure 3B) compared with extractants made up of pure alkyl carboxylic 
acids (Figure 3C). The distribution coefficients at alkyl carboxylic acid 
concentrations of 3% were 6.0, 6.2, 1.6, 1.3, and 0.8 for octanoic, decanoic, oleic, 
dodecanoic, and tetradecanoic, respectively. The extraction efficiency was higher for 
the shortest alkyl carboxylic acids, except for the only alkenoic acid (oleic) 
investigated.  
 
The concentration of Bu4N
+ had no influence on the recovery of 4-CP at the 
decanoic/Bu4N
+ molar ratios tested (from 4 to 0.5). The addition of NaCl over the 
range 1 10-3-1 M did not affect the extent of the extraction of 4-CP despite the 
reduction of the volume of the coacervate observed at salt concentrations above 0.1 
M. A linear dependence was obtained between the 4-CP concentration found after 
extraction and the original phenol concentration (slope 0.98 ± 0.01, intercept -9 10-7 
± 1 10-7, correlation coefficient 0.9997, n = 8) over the whole 4-CP concentration 
range examined (7.5 10-6-1.55 10-4 M). No change in the coacervate volume as a 
function of the original analyte concentration was observed. The temperature and 
extraction time did not influence the extraction efficiency in the ranges examined 
(20-80 ºC, 5-60 min). 
 
Types of Analyte/Coacervate Interactions. A good knowledge of the 
interactions between analytes and extractant is important for setting up efficient 
extraction schemes. Coacervates made of alkylcarboxylic acid vesicles have the 
potential to extract analytes in a wide polarity/charge range because of the different 
types of interactions these aggregates can establish. 
 
Hydrophobic interactions in the vesicle hydrocarbon region allow the efficient 
extraction of apolar compounds (e.g., PAHs, Table 3). All the coacervates made up 
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of supramolecular assemblies have a hydrocarbon region, so all of them should 
have similar ability to extract apolar solutes. In fact, this capability has been 
extensively exploited in the extraction of hydrophobic substances by using the 
cloud point of aqueous micellar solutions of nonionic surfactants.12,13,15 Since 
vesicles are considerably larger than aqueous micelles (diameters range from 300 to 
10.000 Å and from 30 to 60 Å, respectively), one could expect higher extractive 
capacity of vesicle-based coacervates for hydrophobic solutes compared to micelle-
based coacervates. But, on the other hand, at the same concentration of surfactant, 
a greater number of smaller micelles will be formed compared to the larger vesicles. 
Also, it has been proved that the ability of solubilization of micelle-based 
coacervates is higher than that of micelles in solution.33 
 
Some experiments were intended to get some data about the maximun amount 
of hydrophobic solutes that can be entrapped in the vesicular and micellar core of 
coacervates. Anthracene and dodecanesulfonate micelles were used as the solute 
and the micellar coacervate,18 respectively. Experiments were carried out by using 
0.015 M surfactant and analyte/coacervate molar ratios ranging between 0.01 and 
50. Quantitative recoveries were obtained for anthracene using dodecanoic acid 
vesicular coacervates in all the molar ratio ranges investigated. The recovery of 
anthracene using anionic micelle-based coacervates was about 91 and 82% for 
anthracene/coacervate molar ratios of 25 and 50, respectively. So, the vesicle-based 
coacervates have the potential to incorporate greater amounts of solutes than the 
micellar ones. This higher extractive capacity could be important for wastewater 
treatment, but it is not expected to be significant for analytical extraction of 
pollutants, which are present at very low concentration in the environment. 
 
The extraction of amphiphilic compounds by coacervates, although scarcely 
exploited,  should be   highly efficient  since analytes  and extractant  are known to  
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Table 3. Mean Percent Recoveries and Standard Deviations  
Obtained for Different Organic Compounds Using Decanoic  
Acid Vesicle-Based Coacervatea  
analyte/       
 
coacervate  concn  recovery 
 
interaction compound added (M) ± Sb (%) 
 
hydrophobic naphthalene 3.9 x10-5  99 ±3   
 
 anthracene 2.8 x10-5  101 ±2 
 
 pyrene 2.5 x10-5  99 ±1 
 
formation of 






2.9 x10-5  100 ±2 
 
mixed       
 
aggregates 








 benzyldimethyltetra- 4.5 80 ±2 
 
 decylammonium      
 
 chloride      
 




4-chlorophenol 3.9 x10.-5  95 ±1 
 
bonding 




   
 2,4,6- trichlorophenol 2.6 x10-5  98 ±2 
 
 2,3,4,6- tetrachlorophenol 2.1 x10-5  100 ±1 
 
 pentachlorophenol 1.9 x10-5  100 ±2 
 
 bisphenol A 3.8 x10-5  99 ±3 
 
 bisphenol F 3.6 x10-5  100 ±2 
 
 benzylbutyl phthalate 5.1 x10-5  80 ±3 
 
 dibutyl phthalate 4.8 x10-5  85 ±4 
 
 parathion 4.1 x10-5  90 ±2 
 
 atrazine 7.4 x10-5  98 ±4 
 
 naphthylamine 3.5 x10-5  83 ±3 
 
ionic 
Disperse orange 13 3.5 x10-6  98 ±2 
 
 
Coomassie Brilliant 7.3 x10-7  100 ±4 
 






hydroquinone- 5.2 95 ±3 
 




 difenzoquat 6.9 50 ±2 
 
     
 
a [Decanoic acid] ) 3% [Bu4NOH] (M)/[decanoic acid] (M) ) 0.5, room 
 temperature, stirring rate 900 rpm. b Mean value ( standard deviation, n =3. 
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undergo cooperative self-association to form mixed aggregates.34 In this process, 
both ideal and nonideal mixing contributions may occur. The hydrophobic effect is 
viewed as leading to the ideal component of mixing in the aggregate. On the other 
hand, interactions between the headgroups of different amphiphilic compounds 
provide the basis for the nonideal component of mixing in the aggregate leading to 
important synergetic effects. Nonideal interactions are especially strong when ionic 
interactions or hydrogen bonds can be established between the headgroups of the 
different amphiphilic substances.35 
 
Table 3 shows the results obtained for the extraction of surfactants of different 
natures based on the formation of mixed aggregates. Ionic interactions or hydrogen 
bonds between analytes and the polar groups of vesicular coacervates (i.e., 
carboxylic acid, carboxylate, and tetrabutylammonium) were responsible, in ad-
dition to the hydrophobic effect, for the high extraction efficiency obtained. It is 
worth noticing the recovery achieved for Triton X-100, a typical nonionic 
surfactant. This recovery was the result of the especially stable RCOO-...HOR 
hydrogen bond networks formed, which have been considered to be the reason for 
the strong stabilization of vesicles of alkylcarboxylic acids in the presence of long-
chain alcohols.36 
 
An interesting type of interaction to exploit is the formation of hydrogen 
bonds between the polar group of vesicular coacervates and molecules being 
hydrogen bond donors, acceptors, or both. Table 3 shows as an example the 
recoveries obtained for some chlorophenols, bisphenols, phthalates, pesticides, 
aromatic amines, and dyes. The octanol-water partition coefficients (log Kow) for 
these compounds ranged from 1.7 to 5.9. The results obtained for the more polar 
compounds (log Kow below 2.5, e.g., 4-chlorophenol, atrazine, naphthylamine, and 
bisphenol F) showed that the formation of hydrogen bonds greatly extends the 
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number of compounds that can be extracted by coacervates. Obviously, different 
types of interaction can be established for a single analyte. 
 
Vesicular coacervates also have the potential to extract both cationic and 
anionic compounds by ionic interactions with the components of the polar group 
(i.e., carboxylate and tetrabutylammonium). Table 3 shows high extraction 
efficiencies for compounds bearing sulfonic groups (pKa usually ranges between -1 
and -4) such as the developing agent hydroquinonesulfonic acid. Also, the 
extraction efficiency is high for compounds with different functional groups that 
involve permanent charge (e.g., Coomassie Brilliant Blue has both sulfonic and 
ammonium groups in its structure). However, ammonium quaternary salts such as 
the herbicide difenzoquat (log Kow=0.238) did not efficiently compete with 
tetrabutylammonium ions in their interaction with the carboxylate group. Other 
polar herbicides such as diquat (log Kow=-4.6) were practically nonextracted. 
 
The effect of salt on the kind of interaction between vesicles and analytes was 
investigated by addition of NaCl, over the range 1 10-3-1 M, to solutions containing 
naphthalene, benzo[a]pyrene, alkyl benzenesulfonates, Triton X-100, 
benzyldimethyldodecylammonium bromide, 2,3,4,6-tetrachlorophenol, or Coo-
massie Brilliant Blue G. The extraction efficiency was kept constant for all the 
analytes tested except for alkyl benzenesulfonates. Recoveries of about 94 and 89% 
were obtained for these anionic surfactants in the presence of 0.5 and 1 M NaCl, 
respectively. 
 
The compatibility of the vesicular coacervates with the chromatographic 
determination of the extracted analytes was assessed. Figure 4 shows some of the 
chromatograms obtained for the different mobile phases used. No interference of 
rich-phase ingredients (decanoic acid and Bu4N
+) was observed for any of the 
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analytes investigated. The chromatograms obtained did not change in the presence 
of the coacervate. On the other hand, no modification in the C18 column efficiency 


















Figure 4. Chromatograms for (A) 4-chlorophenol, (B) benzyldimethyldodecylammonium 
bromide, and (C) difenzoquat obtained following injection of the sample after extraction with 
vesicular coacervates. [decanoic acid]T ) 3%. Mobile-phase conditions (flow rate 0.8 mL/min): 
(A) acetonitrile/ water (65:35); (B) acetonitrile/water (70:30); and (C) aqueous 
heptafluorobutyric acid 7.5 mM/water (30:70). Detection wavelengths at (A) 280 and (B,C) 
254 nm. Peak 1 denotes rich phase and peak 2 the analyte. 
 
 
Vesicular Coacervate-Based Extraction of Nonionic Surfactants from 
Environmental Water Samples. The ability of vesicular coacervates to work 
under real conditions was assessed by applying them to the extraction of nonionic 
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surfactants from water samples with different loads of organic matter (i.e., river and 
effluent and raw sewage). These pollutants were selected because they are present in 
the environment as a complex mixture of homologues and oligomers in a wide 
range of polarity, thus constituting a good model to evaluate the extraction ability of 
vesicular coacervates. 
 
Although a wide variety of methods have been used for the extraction of 
nonionic from environmental water samples,37-40 SPE with different sorbents, such 
as alkyl-bonded silica,40 graphitized carbon black,41 and polymeric resins,42,43 has 
become the most popular sample preparation method. A common characteristic of 
the different SPE packing materials is that extraction efficiency for nonionic 
surfactants decreases when the length of the hydrocarbon chain increases. Thus, it 
ranges from 97 to 85% and from 93 to 35% when using graphitized carbon black3 
and polymeric resins,44 respectively, for concentrating alcohol polyethoxylates with 
carbon atom numbers varying between 10 and 18. The recovery obtained using 
alkyl-bonded silica is very poor, and therefore, this packing material is not 
recommended for extraction of nonionics.41 
 
Extraction of the target analytes by vesicular coacervates was carried out 
according to the procedure specified in the Experimental Section. Calibration 
curves were run for each homologue using standards in methanol and standards 
extracted in the coacervate (0.5% octanoic acid; octanoic/octanoate molar ratio 1). 
The surfactant C10Ex was used as internal standard in order to remove the between-
day fluctuations in the sensitivity of the detector. The chromatograms and the 
slopes of both calibration curves were similar for all the homologues studied 
(0.0165 ± 0.0002, 0.0080 ± 0.0002, 0.01640 ± 0.00009, 0.0319 ± 0.0001, and 
0.01591 ± 0.00009 ng-1 for OPEx, NPEx, C12Ex, C14Ex, and C16Ex, respectively, in  
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methanol; and 0.0156 ± 0.0001, 0.0078 ± 0.0002, 0.0168 ± 0.0002, 0.0339 ± 0.0002, 
and 0.0139 ± 0.0001 ng-1 for OPEx, NPEx, C12Ex, C14Ex, and C16Ex, respectively, 
extracted in the coacervate), although the mean value for the correlation coefficients 
was slightly lower in the coacervate (0.980) compared to methanol (0.994). 
According to these results, quantitative extraction of analytes was made by the 
coacervate in the whole range of concentrations tested. 
 
Instrumental detection limits, calculated by using a signal-to-noise ratio of 3, 
were 0.6, 1.3, 1.5, 0.8, and 1.4 ng for OPEx, NPEx, C12Ex, C14Ex, and C16Ex, 
respectively. From these values and taking into account the concentration factor 
achieved (~150), the minimum detection limit that can be obtained in 
environmental water samples will range from 79 to 184 ng/L. 
 
The possible interference of matrix components that could elute with 
nonionics causing suppression or space-charge effects on the ion trap was assessed 
by comparison of the calibration curves obtained from standards and those 
obtained from influent and effluent wastewater and river water samples, fortified 
with known amounts of the target compounds. The analyte characteristics of both 
types of calibrations were similar so external calibration is recommended for the 
determination of nonionics in sewage/river waters. However, it is advisable to 
check for matrix effects when the composition of samples is expected to be very 
different from those analyzed here. 
 
Table 4 lists the concentrations found for the target compounds. These 
concentrations were in the range found by different authors in this type of 
environmental samples.41,45 Total method recoveries were assessed by analyzing 
spiked samples, and the results obtained are also included in Table 4. Recoveries 
between 89 and 103% were found for all the samples analyzed. Figure 5 shows the 
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Figure 5. LC/MS extracted ion chromatograms obtained from (A) a standard solution, (B) a 
wastewater influent and (C) effluent sample (Linares WWTP in Jaén, Spain), and (D) a river 
water sample (Guadalquivir, flowing by Córdoba, Spain). 
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CONCLUSIONS 
 
Coacervates are an elegant strategy to substitute organic solvents in analytical 
extraction processes although, to date, their potential for this application has been 
underestimated. Research on new coacervation processes is necessary in order to 
have coacervates that permit different types of interactions with analytes under a 
variety of experimental conditions. To this effect, it would very interesting to have a 
set of coacervates, each one recommended for a specific application, similar to the 
situation we have with sorbents in SPE. This subject constitutes one of our research 
topics, in which the present work is included. 
 
The results here obtained prove that vesicular coacervates made up of alkyl 
carboxylic acids are a valuable tool for the extraction of analytes in a wide 
polarity/charge range. Their use in analytical extraction processes presents several 
assets such as the following: the ability to establish different types of interactions 
with analytes (i.e., hydrophobic and ionic interactions, hydrogen bonds, and the 
formation of mixed aggregates); the potential to achieve high preconcentration 
factors (e.g., between 18 and 1334 for decanoic concentrations from 4 to 0.025%, 
respectively); the compatibility with LC, UV, and MS detection; the capacity to 
work under real conditions maintaining the extraction efficiency; and the mild 
experimental conditions under which they are yielded. The pH window for 
analytical extractions with alkyl carboxylic (from octanoic to oleic) vesicular 
coacervates is comprised between about 5 and 9.5. So, no strong acid or basic 
conditions can be employed for the extraction of analytes. At present, investigations 
to delimit the real applicability of these coacervates are being carried out by our 
research group. 
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Coacervates made up of alkanoic (C8-C16) and alkenoic (C18) acid reverse 
micelles were described for the first time, and their potential for the extraction of 
organic compounds prior to liquid chromatography was examined. The 
coacervation process occurred in miscible binary mixtures of water and a variety of 
protic and aprotic solvents. The phase behavior of alkyl carboxylic acids was found 
to be a function of both the Hildebrand solubility parameter, δ, and the hydrogen-
bonding capability of the solvent. The best solvents for analytical extractions were 
those featuring the lowest δ values. The phase behaviour of alkyl carboxylic 
acid/water/tetrahydrofuran (THF) ternary systems as a function of component 
concentration, pH, ionic strength, and temperature was investigated. The efficiency 
and the time required for phase separation depended on the experimental procedure 
used (i.e., standing, centrifugation, stirring, and sonication). The formation of alkyl 
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carboxylic acid reverse micelles in THF was proven using both hydrophilic 
fluorescent probes and scattered light measurements. The structure of the 
coacervates consisted of spherical droplets dispersed in a continuous phase. Phase 
volume ratios were a function of both alkyl carboxylic acid and THF concentration. 
The low volume obtained (e.g., 1.5 µL per mg of decanoic) compared to that 
obtained by other coacervates (e.g., 5.1 µL per mg of dodecane sulfonic acid and 
11.3 µL per mg of Triton X-114) greatly improved the concentration factors 
reached by coacervation-based extractions. Parameters affecting the extraction 
efficiency were assessed. Analytes in a wide range of polarity were efficiently 
extracted on the basis of the hydrophobic (e.g., PAHs) and hydrogen bond (e.g., 
chlorophenols, bisphenols, pesticides, phthalates, nonionic surfactants, dyes, and 
photographic developers) interactions that reverse micelles can establish. The 
coacervates were compatible with the chromatographic determination of analytes 
following UV or MS detection. They were successfully applied to the extraction of 
alkylphenol ethoxylates (octyl and nonyl) and alcohol ethoxylates (C12-C16) from 
influent and effluent wastewater and river water samples. Nonionic surfactants in 
the coacervate were directly separated and quantified by liquid chromatography-ion 
trap mass spectrometry. Concentration factors were around 160. The recovery of 
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INTRODUCTION 
 
The continuous quest to overcome the drawbacks associated with classical 
liquid-liquid or liquid-solid extraction techniques has led to the development of 
novel strategies whose main advantages are their speed and negligible volume of 
organic solvents used. Especially valuable strategies are the use of microextraction 
techniques (e.g., single-drop microextraction,1,2 hollow fiber solvent 
microextraction,3 solid-phase microextraction,4 etc.) and techniques that replace 
organic solvents by other environmentally friendlier (e.g., pressurized-hot-water,5 
ionic liquids,6,7 coacervates,8,9 and surfactant vesicle-based extractions10-12). 
 
Coacervates are colloid-rich liquids that separate from colloidal solutions under 
the action of a dehydrating agent, namely, temperature, pH, electrolyte, or a 
nonsolvent for the macromolecule.13 The coacervate phase is immiscible with the 
colloid-poor aqueous equilibrium solution from which it is separated. The 
macromolecules known to undergo coacervation include proteins, polysaccharides, 
synthetic polymers, drugs, and supramolecular assemblies (e.g., micelles). 
Coacervates have been widely used for microencapsulation of active ingredients in 
pharmaceuticals, agriculture, food, printing, and cosmetics.14 They have also been 
used for wastewater treatment15 and protein purification.16 Their application to 
analytical extraction processes has invariably involved the use of coacervates made 
up of supramolecular assemblies. The extraction technique, initially reported by Wa-
tanabe et al.,17 and named cloud point extraction (CPE), has been extensively 
reviewed8,9,18-20 and applied to the extraction of a number of organic pollutants from 
water,18-24 soil, sediment,25 and sludge26,27 samples.  
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Coacervates have intrinsically useful properties which have attracted enormous 
attention from academic and industrial researchers alike. They have excellent 
solvation properties for a lot of organic and inorganic substrates. For example, 
supramolecular assembly based coacervates, which consist of aggregates of 
amphiphiles, provide regions of different polarities that have the potential of 
solubilizing solutes in a wide range of polarity/charge. Thus, hydrophobic solutes 
are solubilized into the hydrocarbon region, polar/charged analytes can be 
solubilized in the polar region through a number of interactions (e.g., electrostatic, 
π-cation, hydrogen bonds, etc), and amphiphilic solutes are incorporated into the 
macromolecules through both hydrophobic and polar interactions and form mixed 
aggregates. On the other hand, coacervates are water-immiscible under coacervating 
experimental conditions, which permits their application to a range of separation 
techniques. Also, they provide excellent reaction media and enhance enzyme and 
organic compounds stability, and they are environmentally friendly. The properties 
of coacervates can be varied by changing the nature of the macromolecule or the 
coacervating agent, so that coacervates can be described as designer solvents. 
 
Unfortunately, current knowledge about coacervation processes is far from 
permitting the design and production of the most suitable coacervate for a given 
application. Researchers from colloid, polymer, physical chemical, and 
pharmaceutical areas are actively investigating this topic, and interesting findings on 
the structure of coacervates and the mechanisms leading to phase separation have 
been obtained.28,29 Nevertheless, no general rules can be established yet and some 
experimental conditions that work in some coacervation processes do not work at 
all in other ones. For example, tetrabutylammonium alkyl sulfates show phase 
separation upon increasing temperature30 whereas tetrabutylammonium salts of fatty 
acids show no clouding in the range 0-100 ºC.31 So the development of new 
coacervation processes is of interest from both a theoretical point of view, to gain 
                                                                                                        Parte I                                                                                                     
 
  
- 101 - 
an insight into coacervation processes, and from a practical point of view, to extend 
the applicability of these solvents in different areas.  
 
This paper describes, for the first time, the coacervation processes produced in 
ternary systems made up of alkyl carboxylic acids (chain length C8-C18), 
tetrahydrofuran, and water and explores their capability for the extraction of organic 
compounds prior to liquid chromatography. Two reasons encouraged us to conduct 
this study. First, reverse micelles were expected to form in the colloidal solution 
and, to our knowledge, no fundamental studies involving reverse micelle-based 
coacervates have been previously reported. The phase diagrams of alkyl carboxylic 
acids in miscible solvent binary mixtures were determined, and the role of the 
characteristics of these mixtures in the coacervation process was elucidated. The 
surfactant aggregation behavior and structure of coacervates were also investigated. 
We tried to gain an insight into the coacervation processes produced by a 
nonsolvent for the macromolecule, which have been scarcely investigated so far,32-34 
and establish some rules for the selection a priori of the most adequate solvent for 
analytical extractions. Second, these coacervates showed some interesting analytical 
properties that were worth exploiting. Thus, the polar group of alkyl carboxylic 
acids is both a hydrogen bond donor and an acceptor, which was expected to 
increase the extraction yield of polar compounds through hydrogen bond 
interactions. This characteristic is analytically interesting because the cloud point 
technique has been mainly applied to the extraction of hydrophobic8,9,18-20 and 
amphiphilic25-27 compounds. On the other hand, the low coacervate 
volume/surfactant mass ratios obtained in preliminary experiments made these 
coacervates have the potential to reach high concentration factors. Both of these 
properties were similar to those obtained using alkyl carboxylic acid vesicle-based 
coacervates, recently described by our research group,24 but coacervation of reverse 
micelles occurred under both mild and strong acidic conditions, thus covering the 
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pH range at which vesicles24 did not work (i.e., vesicles were only formed in the pH 
range between 5 and 10). The parameters affecting extraction efficiency and phase 
volume ratios were assessed, the types of solutes at which these coacervates were 
applicable were determined, and their suitability for extracting pollutants from both 





Chemicals. All chemicals were of analytical-reagent grade and employed as 
supplied. The carboxylic acids octanoic (caprilic), hexadecanoic (palmitic), and cis-9-
octadecenoic (oleic) were purchased from Riedel-de Haën (Seelze, Germany); 
decanoic (capric) and dodecanoic (lauric) were purchased from Fluka (Madrid, 
Spain) and tetradecanoic (miristic) was obtained from Aldrich (Milwaukee, WI). The 
fluorescence probes 8-anilino-1-naphthalenesulfonic acid, rhodamine B, and 1-
pyrene butyric acid were obtained from Aldrich. Organic compounds investigated 
to study extraction efficiencies and preconcentration factors were obtained from 
Riedel-de Haën [4-chloro-2-methylphenoxy acetic acid, 4-chloro-2-methylphenoxy 
propanoic acid, dibutyl phthalate, and benzylbutyl phthalate], Aldrich 
[benzo(a)pyrene, pyrene, hydroquinonesulfonic acid, disperse orange 13, and 
pentachlorophenol], Sigma (St. Louis, MO) [naphthalene, anthracene, parathion, 
and 2,4,6-trichlorophenol], Merck (Darmstadt, Germany) [atrazine, 4-chlorophenol, 
2,4-dichlorophenol, 2,3,4,6-tetra-chlorophenol], Fluka [bisphenol A and bisphenol 
F], and Masso and Carol (Barcelona, Spain) (alkyl benzenesulfonates). Stock 
solutions of these reagents were prepared in bidistilled water except for PAHs that 
were made in methanol-water (50:50). The solvents methanol, tetrahydrofuran 
(THF), ethylene glycol, ethanol, 1-propanol, N,N-dimethylformamide (DMF), 
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acetonitrile (AcN), acetone, and dioxane were supplied by Panreac (Sevilla, Spain). 
Ultrahigh-quality water was obtained from a Milli-Q water purification system 
(Millipore, Madrid, Spain). The individual polyethoxylated surfactants used 
corresponded to pure homologues containing a mixture of oligomers with a 
determined average (x) of ethoxy units. Octylphenol ethoxylate (OPEx, x=9-10 
Triton X-100) was obtained from Serva (Barcelona, Spain), nonylphenolethoxylate 
(NPEx, x=6) from Masso y Carol, the alcohol polyethoxylates C12 (C12Ex, x=4) and 
C16 (C16Ex, x=2) were purchased from Sigma and C10 (C10Ex, x=3) and C14 (C14Ex, 
x=4) from Fluka. Stock solutions of the nonionic surfactants were prepared in 
methanol.  
 
Instrumentation. Fluorescence and scattered light measurements for 
determining critical micelle concentrations were made using a Hitachi F-2000 
fluorescence spectrophotometer equipped with a xenon discharge lamp. A Spectra 
System SCM1000 (ThermoQuest, San Jose, CA), consisting of a P4000 quaternary 
pump, a UV6000LP diode-array detector, and a Rheodyne 7125NS injection valve, 
with a 20 µL sample loop, was used for optimization of extraction parameters. The 
stationary-phase column utilized for the analysis of neutral and anionic compounds 
was a 15 cm Nova-Pack C18 4 µm column, with 3.9 mm i.d., from Waters (Milford, 
MA). A Zorbax Eclipse XDB-C8 (150 4.6 mm, 5 µm) column from Agilent 
Technologies (Waldbronn, Germany) was employed for the analysis of ammonium 
quaternary compounds and nonionic surfactants. Separation and quantification of 
alkylphenol polyethoxylates (APE nonyl and octyl) and alcohol ethoxylates (AE, 
C12-C16) in wastewater samples was performed by using a liquid chromatography-ion 
trap mass spectrometry system LC-IT-MS (1100 series Agilent Technologies). Light 
microscopy studies were performed with a Leica instrument, model DME, 
equipped with an automatic photocamera, using the bright field. 
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Procedures. Extraction Efficiency Studies. The alkyl carboxylic acid under study 
(C8-C18, 0.25-4%) was dissolved in THF (1-50%) in a glass tube. Then, the solution 
was made up to a final volume of 10 mL with aqueous 4-chlorophenol (4-CP, (7.5 
10-6)-(1.5 10-4) M) that was selected as an analyte model. The mixture was stirred for 
5 min to favor 4-CP partition and then centrifuged at 3000 rpm (2000g) for 5 min to 
accelerate phase separation. Next, the coacervate, situated in the upper part of the 
tube, was transferred to a 2 mL standard flask using a microsyringe and diluted to 
the mark with methanol, and 20 µL of the resulting solution was analyzed by LC. 
The mobile phase consisted of acetonitrile-water (65:35) at a flow rate of 0.8 
mL/min. The detection wavelength was set at 280 nm. Calibration curves were 
performed in water since it was checked that the presence of the surfactant in the 
matrix did not alter the chromatographic signal of 4-CP. The influence of variables 
such as ionic strength ((1 10-3)-1 M NaCl), temperature (20-80 ºC), and extraction 
time (5-60 min), on the extraction efficiency for 4-CP, was investigated in the ranges 
specified in parentheses. 
 
Phase Volume Ratio Determinations. The ratio of the volumes of the aqueous-THF 
solution to the coacervate (Vs/Vc) was determined as a function of the 
alkylcarboxylic acid chain length (8-18 carbon atoms) and alkyl carboxylic acid 
(0.025-4%), THF (4-50%), and HCl (10-4-0.5 M) concentrations. For this purpose, 
specially designed 10 mL tubes were used. These tubes had a narrow neck (7 mm 
internal diameter) in which the coacervate stayed after separation of the aqueous 
phase. The volume of the coacervate was calculated by measuring its height in the 
circular cylindrical neck of the tube using a digital calliper. When the coacervate 
volume was too small for reliable measurements, 50 mL tubes were used instead. 
Experiments were performed in triplicate. 
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Analysis of Nonionic Surfactants in River and Wastewater Samples. (1) Sample Collection 
and Preservation. Influent and effluent water samples were collected from different 
municipal wastewater treatment plants (WWTPs; Linares, Bailén, and Lucena) in the 
south of Spain in November 2006. Linares WWTP receives about the same level of 
domestic and industrial wastewaters, Bailén WWTP receives about 60% of 
industrial effluents (mainly from built industries) mixed with about 40% domestic 
wastewater. Lucena WWTP receives mainly industrial wastewater from furniture 
and bronze factories. River water was taken from two streams flowing by the 
Córdoba province (Rabanales and Guadalquivir). Samples were collected in dark 
glass containers and immediately filtered through 0.45 µm nylon filter membranes 
(Analisis Vinicos S. L Tomelloso, Spain) to remove suspended solids. Then, the pH 
was adjusted at 2 with concentrated nitric acid and the samples were stored at 4 ºC. 
 
(2) Extraction. Octanoic acid (0.4%) was dissolved in THF (4 mL) in a 50 mL 
tube, which had a narrow neck (7 mm internal diameter). Then, 40 mL of sample, at 
pH 4 (adjusted with sodium hydroxide), was added. The coacervate formed 
instantaneously. The mixture was stirred (10 min) to favor partition of analytes and 
then centrifuged ((3000 rpm, 2000g), 5 min) to accelerate phase separation. The 
volume of coacervate, which was standing at the top of the solution in the narrow 
neck of the tube, was measured. Aliquots of the coacervate (50 µL) were withdrawn 
using microsyringes and directly injected into the LC-MS system.  
 
(3) Quantification. Separation and quantification of nonionic surfactants was 
performed by using liquid chromatography-ion trap mass spectrometry. The 
gradient elution program of the mobile phase (acetonitrile/methanol 50:50, solvent 
A, and water, solvent B, both containing 1.5% ammonium acetate) was as follows: 
isocratic conditions with 70% A/30% B for 5 min and then linear gradient from 30 
to 5% B in 20 min. The flow rate was set at 1 mL/min. The diver valve was 
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programmed to send the mobile phase containing carboxylic acid and the most 
polar matrix compounds to waste. So, only 7 min after the beginning of the elution 
gradient program, the eluted components were sent to the ionization source. MS 
quantification was carried out in the “APCI (+)” mode, under full-scan conditions, 
by measuring the peak areas of the extracted molecular ion chromatogram for each 
homologue at the m/z values corresponding to the [M + NH4]
+ ions obtained for 
the 20 oligomers (x = 1-20) that typically can make up octylphenol, nonylphenol, 
and alcohol polyethoxylates (C12-C14) homologues. The set of parameters used has 
previously been described.35 Correlation between peak areas and homologue 
amount (20-2000 ng) were determined by linear regression and were in the range 
0.988-0.994. The nonionic surfactant C10Ex (200 ng of absolute amount injected) 
was used as an internal standard for quantification. 
 
RESULTS AND DISCUSSION 
 
Water-Induced Coacervation in Organic Alkyl Carboxylic Acid 
Solutions: Criteria for Solvent Selection. Solutions of alkyl carboxylic acids 
(alkanoic, C8-16, and oleic acids) in a variety of protic (ethylene glycol, methanol, 
ethanol, 1-propanol) and dipolar aprotic (tetrahydrofuran, N,N-dimethylformamide, 
acetonitrile, acetone, dioxane) solvents underwent coacervation with the addition of 
water, which is a poor solvent for the alkyl carboxylics investigated. Coacervation 
was only obtained in solvents that had the ability to dissolve alkyl carboxylic acids, 
permitted the self-assembly of these amphiphiles, and were water miscible. As an 
example, Figure 1 shows the phase diagrams for ternary systems made up of  
decanoic  acid, water,  and acetone (Figure 1A) or ethanol (Figure 1B) at 20 ºC. The 
surfactant concentrations investigated were restricted to those of greater analytical 
interest. Phase diagrams for alkanoic acids that were solids at room temperature, 
i.e., decanoic, dodecanoic, tetradecanoic, and hexadecanoic (melting points 31, 44, 
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54 and 62 ºC, respectively), showed three regions (Figure 1A,B), viz., an 
heterogeneous region where insoluble alkyl carboxylic acid exists (I), the 
coacervation region (C), and an homogeneous liquid solution (L). The phase 





















Figure 1. Binary diagrams of phase boundaries in the ternary systems: (A) acetone-decanoic 
acid-water and (B) ethanol/decanoic acid/ water (B). I, C and L denote the decanoic acid 
suspension region, the coacervating region, and the single isotropic solution region, 
respectively. Dependence of the minimum percentage of organic solvent required for the 
coacervation of 1% decanoic acid as a function of its (C) dielectric constant and (D) Hildebrand 
solubility parameter. 
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-immiscible liquids at room temperature (melting point 16 ºC) and there was no 
apparent difference between the liquid acid and the coacervate. For some ternary 
systems (e.g., decanoic/methanol/water, decanoic/DMF/water, etc.), the 
solvent/water solution in equilibrium with the coacervate in region C was not 
completely clear under the experimental conditions tested. 
 
The solvent/water proportion at which the boundary phase I-C occurred (it 
should be minimal for analytical extractions) depended greatly on the solvent. To 
date, few systematic studies have been reported on the role of the solvent 
characteristics in the coacervation of ternary systems;34 however, such solvent 
features as polarity and the ability to dissolve the macromolecules should have a key 
influence on the occurrence of coacervation. As an example, Figure 1 shows the 
percentage of solvent at which the I-C boundary phase occurred for 1% decanoic 
acid as a function of the solvent dielectric constant, ε (Figure 1C), which is a 
measurement of solvent polarity, and the Hildebrand solubility parameter,36 δ 
(Figure 1D), that indicates the relative solvency behavior of a specific solvent, and 
reflects the total van der Waals forces resulting from the additive effect of 
dispersion, polar and hydrogen bonding forces. No dependence on the solvent 
proportion at which coacervation occurred was found for solvents featuring ε 
values below 25, while the percentage of solvent required for solubilization of the 
alkyl carboxylic acid, and therefore coacervation, increased sharply for solvents with 
ε values greater than 30 (Figure 1C). So, although informative, the ε by itself cannot 
predict the coacervation of alkyl carboxylic acid/solvent/water adequately. The 
prediction became more accurate when the Hildebrand solubility parameter was 
considered (Figure 1D). Interestingly, protic and dipolar aprotic solvents formed 
two clusters as a consequence of their different hydrogen-bonding capability (they 
are strong and moderate hydrogen-bonding liquids,36 respectively). So, δ constitutes 
a reliable guide for solvent selection in coacervation processes involving alkyl 
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carboxylic acids, solvent, and water. According to these results, both protic and 
aprotic solvents featuring the lowest δ values, which have the highest solute 
solvency ability for alkyl carboxylic acids, are the best choice for analytical purposes. 
We selected THF for further studies. 
 
Phase Diagrams of Alkyl Carboxylic Acids in THF/Water Binary 
Mixtures. Figure 2A shows the two phase boundaries (I-C and C-L) found for 
alkanoic (C8-16) and oleic acids in THF/water binary mixtures as a function of alkyl 
carboxylic acid concentration. As mentioned above, the phase boundaries I-C 
corresponding to octanoic or oleic acids could not be distinguished by the naked 
eye. The solvent/water proportion at which the boundary phases occurred, mainly 
the I-C ones, was greatly dependent on the alkyl chain length of the carboxylic acid, 
as a result of their different solubility in THF. The region encompassed by 
coacervates from the different alkyl carboxylic acids was wide enough for analytical 
application; however, the lowest alkyl chain lengths were preferred for practical use 











Figure 2. Binary diagrams of phase boundaries for tetrahydrofuran-alkyl carboxylic acid-water 
mixtures: dependence of the phase boundaries on the (A) alkyl carboxylic acid chain length 
(B) hydrochloric acid concentration, and (C) temperature. 
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Phase diagrams showed the three typical regions previously observed for the 
coacervation of phospholipids33,34 and gelatin37 in miscible water/alcohol binary 
mixtures. These phase diagrams were very different to those obtained from 
surfactants in miscible38 and immiscible39,40 solvent binary mixtures that did not 
undergo coacervation. 
 
Coacervates were only produced in solutions containing protonated alkyl 
carboxylic acid molecules (pKa R-COOH = 4.8 ± 0.2). Progressive neutralization of 
these acids resulted in the gradual reduction in the volume obtained for the 
coacervate, and no liquid-liquid-phase separation occurred for a neutralization grade 
around 70-80%. Phase diagrams were scarcely affected by the addition of 
hydrochloric acid (Figure 2B). However, more THF was necessary to keep the 
liquid-liquid-phase separation at low temperature (e.g., Figure 2C) as a consequence 
of the decreased alkyl carboxylic acid solubility. 
 
Experimental Methods for Coacervation. Different experimental methods, 
including centrifugation, stirring, sonication, and standing, were tested to get 
coacervates from decanoic acid, which was used as a model surfactant. Their 
efficiency to produce phase separation was assessed by measuring the concentration 
of decanoic acid in the coacervate phase after different equilibration times. Phase 
separation reached equilibrium conditions after centrifugation for 5 min at 3000 
rpm. At this point, about 90% of the initial amount of decanoic acid was forming 
the coacervate. Sonication at 40 kHz did not achieve complete phase separation 
after 2 h; the THF/water equilibrium solution was turbid and only about 50% of 
the initial amount of decanoic acid was transferred to the coacervate phase. The 
phase separation behavior for decanoic acid was similar under both standing and 
stirring at 100 and 300 rpm; about 80% of the amphiphile was transferred to the 
coacervate phase after 1 h equilibration time. The phase separation efficiency of the 
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standing procedure did not improve by increasing the temperature of the solution 
until 50 ºC or adding NaCl until the concentration reached 1 M. According to these 
results, centrifugation is recommended for analytical applications; however, the 
standing procedure can be valuable for field work and wastewater treatment. 
Coacervates were stable for at least a week, provided that they were kept in closed 
containers to avoid the volatilization of THF. 
 
Aggregation Behavior of Alkyl Carboxylic Acids in THF. Coacervation is 
a colloid phenomenon, so the self-assembly of alkyl carboxylic acid molecules in 
THF must occur before getting coacervates. The aggregation behavior of alkyl 
carboxylic acids in THF was investigated using decanoic acid as a model. Both 
changes in the fluorescence of different hydrophilic probes (8-anilino-1-naphthalene 
sufonic acid, rhodamine B, and 1-pyrene butyric acid) and scattered light intensity 
measurements were used to determine the critical aggregation concentrations (cac) 
of decanoic acid as a function of the solution composition.41 Excitation and 
emission spectra were collected for each probe in a set of THF solutions containing 
decanoic acid concentrations between 0 and 80 mM. Relative scattered light 
intensities vs decanoic acid concentration, in the absence of a probe, were measured 
with a spectrofluorimeter, with the excitation monochromator set at 300, 450, and 
550 nm. The plots of fluorescence or relative scattered light intensity against 
decanoic acid concentration showed some different breaks points. Only those 
points featuring unequivocal changes in the measured parameter were considered. 
Table 1 shows the decanoic acid concentrations at which the break points were 
found, based on three replicates, and the experimental conditions used. The results 
confirmed the existence of at least three cac values, at 4.8 ± 0.2, 7.6 ± 0.4, and 51 ± 
2 mM, which was in accordance with a sequential-type self-association model, that 
is typical for reverse  micelle formation.39 The  existence of reverse  micelles in THF  
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has been previously reported for other acids such as cholic acid.41 The aggregation 
of carboxylic acid  group-containing  surfactants as  reverse micelles in low polarity 
solvents is predominantly the consequence of the formation of strong double 
hydrogen bonds between the amphiphiles. 
 
According to the results, the most probable mechanism for coacervation 
consists of two steps. First, alkyl carboxylic acid reverse micelles are formed in 
THF, the exact aggregation number depending on the carboxylic acid 
concentration. In this step, the surfactant macromolecules are encased in a sheath 
of THF molecules that solvate them. The addition of water in a second step causes 
competition for THF which results in the partial desolvation of reverse micelles. 
This desolvation makes easier micelle-micelle interaction and results in the 
formation of bigger aggregates that separates in the form of coacervates. The 
effectiveness of the desolvation increases when the alkyl chain length does, that is 
to say less water will be necessary for coacervation. So, the shorter alkyl carboxylic 
acids are preferred for analytical applications. 
 
Coacervate Characterization. Investigation on the structure of coacervates 
made up of C8-C18 alkyl carboxylic acids was carried out using light microscopy. To 
prevent the collapse of the aggregates, a thin strip of Parafilm was employed in 
several cases as a spacer between the microscope slide and the cover glass. In this 
way the possibility was created to observe the structures in unperturbed 
surroundings. Micrographs were rapidly taken to avoid the volatilization of THF. 
All the micrographs obtained were similar (Figure 3 shows a typical one); they 
clearly revealed that the coacervate rich phase consisted of spherical droplets 
dispersed in a continuous phase. The size distribution of these spherical structures 
was not uniform. This type of structures is generally found in coacervation 
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processes where the kinetics of phase separation can be described by the nucleation 
and growth model.28 
 
Phase Volume Ratios. The maximum concentration factor that can be 
achieved in coacervative extractions is given by the ratio of sample volume over 
coacervate volume, Vs/Vc. As usual, the volume obtained for alkyl carboxylic acid 
reverse micelle-based coacervates was linearly dependent on the amount of the 
surfactant used. Other factors found to influence this volume were the percentage 













Figure 3. Light microscopy (bright field) micrograph corresponding to a coacervate obtained 
from octanoic acid reverse micelles. The bar represents 10 µm. 
 
The volume of coacervate increased exponentially as the percentage of THF 
did (e.g., the exponential function found for 100 mg of decanoic acid was y=116.16 
e0.0448x, r2 =0.992, where y is the volume of the coacervate in µL and x is the 
percentage of THF). The reason for this increase was investigated by measuring the 
amount of decanoic acid in the coacervate as a function of the THF percentage. 
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Figure 4 shows the results obtained for an initial amount of decanoic acid in 
solution of 100 mg. The increase of the coacervate volume at low THF percentages 
(e.g., lower than 10%) was mainly due to the progressive incorporation of decanoic 
acid into the coacervate from the equilibrium solution. The amount of decanoic 
acid in the coacervate was kept constant at higher THF percentages, so further 
increase in the volume of coacervate was mainly due to the incorporation of THF, 
which is a good solvent for the reverse micelles. This type of dependence was 
expected to influence extraction yields of analytes in addition to their concentration 
factors.  
 
The magnitude of the influence of the organic solvent in the volume of reverse 
micelle-based coacervates was far below that found for other coacervates that 
require the presence of minute amounts of solvents for coacervation (e.g., the salt-
induced coacervation of cetrimide).22 Thus, the volume of reverse micelle-based 
coacervates ranged between 145 and 285 µL as the percentage of THF in the 
solution increased from 5 to 20%, using 100 mg of decanoic acid. On the other 
hand, the volume of coacervate made up of cetrimide ranged between 2.20 and 0.29 
mL as the percentage of 1-octanol increased from 0.05 to 0.08%, which was very far 
from robustness. 
 
The concentration of hydrochloric acid (10-4-0.5 M) and the length of the 
carboxylic acid chain (C8-C16) had only a minor influence on the volume of the 
coacervate. This volume was kept constant for hydrochloric acid concentrations 
below 0.1 M and then decreased for stronger acidic conditions (concentration 
factors increased between 5 and 20% in the range 0.2-0.5 M HCl). On the other 
hand, the volume of coacervate increased as the alkyl chain length of the carboxylic 
acid did (e.g., about 10% between octanoic and hexadecanoic). So, the highest 
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phase volume ratios will be obtained using low percentages of THF, strong acidic 












Figure 4. Variation of the amount of decanoic acid making up the coacervate as a function of 
the tetrahydrofuran percentage added to the solution. Decanoic acid: 100 mg. 
 
The slope of the linear dependence between the amount of decanoic acid and 
the volume of coacervate was 1.5±0.1 µL/mg using 10% THF at pH 3. 
Comparatively, the volume for other coacervates made of aqueous micelles was 
higher (e.g., around 5.1 µL/mg for dodecane sulfonic acid23 and 11.3 µL/mg for 
Triton X-11419), so much bigger phase volume ratios will be reached using the 
coacervates proposed here (e.g., phase volume ratios of 666, 196, and 88 were 
calculated for 0.1% of decanoic acid, dodecane sulfonic acid, and Triton X-114, 
respectively). On the other hand, phase volume ratios for reverse micelle 
coacervates were similar to those obtained for alkyl carboxylic acid vesicle-based 
coacervates (e.g., 1.6 ±0.1 µL/mg for decanoic acid24), so high concentration factors 
will be reached by coacervates made up of alkyl carboxylic acids in the pH range of 
interest for sample treatment (reverse micelles can be used at pHs below 4 and 
vesicles24 between pH 5 and 10). 
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High phase volume ratios have also been obtained by using the separation of 
perfluorooctanoic acid as a precipitated or sedimented phase from miscible solvent 
binary mixtures.42 The ratio between the volume of sedimented phase and the mass 
of perfluorooctanoic acid, calculated from previous data,43,44 was around 0.7 µL/mg, 
that is to say about 2-fold that of the method proposed here. However, the high 
acid concentration required to get phase separation (pH < 1) has seriously restricted 
the applicability of this system in areas that require the treatment of high sample 
volumes, the concentration of biologically active substances, or the direct 
chromatographic analysis of extracts. 
 
Effect of Experimental Variables on the Extraction Efficiency of Reverse 
Micelle-Based Coacervates. The effect of experimental variables expected to 
influence the extraction efficiency of organic compounds by reverse micelle-based 
coacervates was assessed using 4-chlorophenol (4-CP) as a model, since it can 
establish both hydrophobic and hydrogen bond interactions with alkyl carboxylic 
acids. This compound was polar enough (log Kow= 2.1) to determine the weight of 
the different factors on the extraction efficiency.45 
 
Variables found to affect extraction yields were the chain length and 
concentration of alkyl carboxylic acid and the percentage of THF (Table 2). 
Recoveries were independent of the alkyl chain length of the carboxylic acid at 
concentrations below 1%; however, they decreased for the largest alkyl carboxylic 
acids at the highest concentrations investigated (2-4%). Oleic acid, that was the only 
alkenoic acid investigated, behaved differently. Only octanoic, decanoic, and oleic 
acids extracted quantitatively 4-CP. The effect of THF was assessed at two alkyl 
carboxylic acid concentrations, namely 0.5 and 2%. Maximal recoveries were 
obtained for THF percentages between about 10 and 30%. The recoveries 
decreased as  the  minimal percentage  of THF  required for coacervation was used,  
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which was in agreement with the fact that only a fraction of the surfactant was 
incorporated to the coacervate around the I-C boundary in phase diagrams (see 
Figure 4). As the alkyl carboxylic acid became more and more diluted in the 
coacervate (e.g., above 40% THF), the recoveries of 4-CP progressively decreased 
until the coacervate dissolved.  
 
The extraction efficiency of 4-CP by reverse micelle-based coacervates was 
independent of a series of variables including the pH (0.3-5), electrolyte (NaCl 10-3-
1 M), temperature (10 - 80 ºC), and extraction time (5 - 60 min), thus rendering this 
extraction method robust. A linear dependence was obtained between the 4-CP 
concentration found after extraction with octanoic (slope = 0.985 ± 0.003, intercept  
= (4 ± 3) x 10-7, correlation coefficient = 0.99998, n = 7) or decanoic (slope = 0.879 
± 0.003, intercept = (3 ± 3) x 10-7, correlation coefficient = 0.99997, n = 7) and the 
original phenol concentration, over the whole 4-CP concentration range examined 
((7.5 x 10-6)-(1.55 x 10-4) M). No change in the coacervate volume as a function of 
the original analyte concentration was observed. 
 
According to the results obtained, octanoic and decanoic acids are 
recommended for extraction processes, compared with the largest alkyl carboxylic 
acids, on the basis that they provide higher efficiency and concentration factors 
and/or require less THF. 
 
The importance of forming reverse micelle structures to get high extraction 
yields was assessed by extracting 4-CP with pure alkyl carboxylic acids above their 
melting point. Recoveries using 2% of alkyl carboxylic acid were about 50, 29, 15, 8, 
and 4% for octanoic, decanoic, dodecanoic, tetradecanoic, and oleic acids, 
respectively (compare these results with those shown in Table 2 for 2% alkyl 
carboxylic acid and 20% THF). The recoveries increased as the alkyl carboxylic acid 
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concentration did (e.g., they were around 70, 62, 43, 38, and 21% with extraction 
with 6% of octanoic, decanoic, dodecanoic, tetradecanoic, and oleic acids, 
respectively), but the extractive capacity of pure alkyl carboxylic acid was well below 

























Table 3. Mean Percent Recoveries and Standard Deviation Obtained for Different Organic 
Compounds Using Octanoic Acid Reverse Micelle-Based Coacervate. 





aRecovery ± S 
(%) 
    
Hydrophobic Naphthalene 3.9 x 10-5 95 ± 2 
 Anthracene 2.8 x 10-5 98 ± 1 
 Pyrene 2.5 x 10-5 100 ± 2 
 Benzo(a) Pyrene 2.0 x 10-5 97 ± 1 
    
Formation of Mixed 
Aggregates 
Alkyl Benzenesulfonates 2.9 x 10-5 5 ± 1 
 Triton X-100 8.3 x 10-5 98 ± 3 
    
Hydrogen Bonding 4-Chlorophenol 3.9 x 10-5 97 ± 2 
 2,4- Dichlorophenol 3.1 x 10-5 99 ± 1 
 2,4,6-Trichlorophenol 2.6 x 10-5 101 ± 1 
 2,3,4,6-Tetrachlorophenol 2.1 x 10-5 98 ± 2 
 Pentachlorophenol 1.9 x 10-5 101 ± 1 
 Bisphenol A 3.8 x 10-5 95 ± 3 
 Bisphenol F 3.6 x 10-5 97 ± 1 
 Benzylbutyl Phthalate 5.1 x 10-5 99 ± 1 
 Dibutyl Phthalate 4.8 x 10-5 100 ± 1 
 Parathion 4.7 x 10-5 96 ± 2 
 Atrazine 1.2 x 10-4 95 ± 4 
 4-Chloro-2-Methylphenoxy 
Acetic Acid 
1.1 x 10-4 83 ± 3 
 4-Chloro-2Methylphenoxy 
Propanoic Acid 
1.1 x 10-6 85 ± 2 
 Disperse Orange 13 3.54 x 10-6 98 ± 3 
 Hydroquinonesulfonic Acid 5.2 x 10-5 95 ± 3 
    
aMean Value ± Standard Deviation, n=3. 2% Octanoid Acid, 10% THF 
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Scope of Reverse Micelle-Based Coacervates. A good knowledge of the 
interactions between analytes and the extractant is important for establishing 
efficient extraction schemes. The main driving forces expected to cause the 
distribution of solutes between coacervates made up of alkyl carboxylic acid reverse 
micelles and the equilibrium sample solution were hydrophobic and hydrogen bond 
interactions. So, theoretically, the scope of these coacervates in analytical extractions 
is wide and it should include the efficient extraction of hydrophobic, amphiphilic, 
and donor and/or acceptor hydrogen bond organic compounds. 
 
Reverse micelle-based coacervates made up of octanoic acid were proved to 
extract apolar compounds efficiently (e.g., PAHs, see Table 3) on the basis of the 
hydrophobic interactions established between the solute and the alkyl chain of the 
surfactant. This is a general property of coacervates made up of supramolecular 
assemblies (e.g., aqueous micelles and vesicles) since all of them have a comparable 
hydrocarbon region. The main advantage of using alkyl carboxylic acid vesicles24 or 
reverse micelles over other types of coacervates18,19 is the greater concentration 
factors that are reached.  
 
The extractive capacity of reverse micelle coacervates for amphiphiles was 
assessed using anionic and nonionic surfactants, which are widely used in 
commercial detergent formulations. Table 3 shows the results obtained for alkyl 
benzenesulfonates and Triton X-100. Anionic surfactants were highly soluble in the 
sample solution and they were scarcely extracted into the more apolar 
microenvironment provided by the coacervate. On the other hand, it is worth 
noticing the recovery achieved for Triton X-100, a typical nonionic surfactant. The 
high extraction efficiency obtained was the consequence of the cooperative self-
association between octanoic acid and Triton X-100 as a result of the specially 
stable RCOO-…HOR hydrogen bond networks formed and the hydrophobic 
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interactions produced between the hydrocarbon chains. This differential extraction 
efficiency found for anionic and nonionic surfactants is very valuable for the 
determination of the latter in wastewaters.  
 
Because of the high number of solutes being hydrogen bond donors and/or 
acceptors (e.g., alcohols, ketones, aldehydes, acids, ethers, phenols, esters, etc.), the 
use of coacervates with carboxyl groups, which are both hydrogen bond donor and 
acceptors, significantly extends the scope of these extractants since extractions will 
be conducted by both hydrogen bonding and hydrophobic effects. Table 3 shows as 
an example the recoveries obtained for the extraction of chlorophenols, bisphenols, 
phthalates, pesticides, dyes, and photographic developers. The octanol-water 
partition coefficients (log Kow) for these compounds ranged from 1.7 to 5.9. The 
results obtained for the more polar compounds (log Kow below 2.5, e.g., 4-
chlorophenol, atrazine, bisphenol F, etc.) showed that the formation of hydrogen 
bonds (binding energies in the range 5-10 kcal/mol) was probably a decisive factor 
for the efficient extraction of a variety of organic compounds. At this research 
stage, it cannot be determined what is the relative contribution of both hydrogen 
bonding and hydrophobic forces to the extraction of acceptor and/or donor 
hydrogen-bonding compounds by reverse micelle based-coacervates. Further inves-
tigation involving the extraction of a representative number of similar structured 
compounds (e.g., chlorophenol and chlorobenzene, naphthol and naphthalene, etc.) 
should give us a deeper knowledge about the predominant interactions in the 
extraction of specific compounds. 
 
Reverse micelle-based coacervates were compatible with the chromatographic 
determination of the extracted analytes (e.g., Figure 5). No interference from 
octanoic acid was observed. On the other hand, no modification in the C18 or C8 
column efficiencies was detected after repeated injections of the extracted samples. 
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Application of Reverse Micelle-Based Coacervates to the Extraction of 
Nonionic Surfactants from Environmental Water Samples. Nonionic 
surfactants are present in environmental water samples as a complex mixture of 
homologues and oligomers in a wide range of polarity, so they were considered 
excellent models to assess the suitability of reverse micelle-based coacervates to 
work under real conditions. The surfactants selected for this study were octyl and 
nonyl phenol ethoxylates and alcohol polyethoxylates (C12-16) with ethoxy units in 
the range 1-20. Currently, the most popular sample preparation method for 
nonionics is solid phase extraction (SPE). A common problem is the dependence of 
the extraction efficiency of packing materials on the length of the hydrocarbon 
chain. Thus, it has been reported that recoveries range from 97 to 85% and from 93 

















Figure 5. Chromatograms for (A) 4-chlorophenol, (B) anthracene, and (C) disperse orange 
13 obtained following injection of the sample after extraction with reverse micelle 
coacervates made up from 2% octanoic acid and 10% THF. Mobile phase conditions (flow 
rate 0.8 mL/min): (A) acetonitrile/water (65:35); (B, C) acetonitrile/water (80:20). Detection 
wavelengths at (A) 280 nm, (B) 250 nm, and (C) 426 nm. Peak 1 denotes coacervate and peak 








Time ( min ) 
A B C 
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respectively, for concentrating alcohol polyethoxylates with carbon atoms varying 
between 10 and 18. Likewise, the recoveries found using alkyl-bonded silica have 
been very poor, and therefore this packing material is not recommended for 














 Preliminary studies were carried out to establish the influence of experimental 
variables on the extraction of nonionics by coacervates. Octanoic acid was the alkyl 
carboxylic acid that provided the highest efficiency, so it was selected as the 
extractant. Table 4 shows as an example the dependence of recoveries and actual 
concentration factors for nonyl phenol ethoxylate as a function of octanoic acid 
concentration. Similar behavior was found for all the target compounds. According 
to these results, we selected 0.4% octanoic acid for the extraction of nonionics from 
wastewater influent and effluent and river samples. The calibration curves run for 
each homologue using standards in tetrahydrofuran (0.0238 ± 0.0001; 0.0199 ± 
0.0006; 0.0157 ± 0.0002; 0.0259 ± 0.0002; 0.0168 ± 0.0003 ng-1 for OPEx, NPEx, 
C12Ex, C14Ex, C16Ex, respectively) and standards extracted in the coacervate (0.0231 
Table 4. Mean Percent Recoveries and Concentration Factors Obtained in the Extraction of 
Nonylphenol Ethoxylates by Reverse Micelle-Based Coacervates as a Function of Octanoic Acid 
Concentration. 
    
Octanoid Acid 
(%) 







    
0.1 20 ± 4 666 133 
0.2 43 ± 3 333 143 
0.3 70 ± 3 222 155 
0.4 98 ± 2 166 162 
0.5 99 ± 3 133 131 
0.7 97 ± 2 95 92 
1.0 99 ± 4 66 65 
    
an=3. 10% THF 
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± 0.0001; 0.0209 ± 0.0001; 0.0169 ± 0.0003; 0.0223 ± 0.0002; 0.0175 ± 0.0001 ng-1 
for OPEx, NPEx, C12Ex, C14Ex, C16Ex, respectively) were similar. So, no influence of 
the alkyl carboxylic matrix on the mass detection of analytes was observed. The 
surfactant C10Ex was used as an internal standard in order to remove the between-
day fluctuations in the sensitivity of the detector. The correlation coefficients found 
for calibration in THF and the coacervate were 0.97-0.994 and 0.93-0.990, 
respectively. So, according to these results, quantitative extraction of nonionics was 


















Figure 6. LC-MS extracted ion chromatograms obtained from (A) a wastewater influent and 
(B) effluent sample (Lucena WWTP in Córdoba, Spain), and (C) a river water sample 
(Guadalquivir flowing by Córdoba, Spain). 
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Instrumental detection limits, calculated by using a signal-to-noise of 3, were 
0.4, 0.9, 1.3, 1.1, and 1.3 ng for OPEx, NPEx, C12Ex, C14Ex, C16Ex, respectively. 
From these values and taking into account the concentration factor achieved (about 
160), the minimum detection limit that can be obtained in environmental water 
samples will range from 48 to 156 ng/L. 
 
In order to check the effect of matrix components that could elute with 
nonionics on the analytical signal, calibration curves were run from both standards 
in THF and influent/effluent wastewater and river water samples, fortified with 
known amounts of the target compounds and applying the whole procedure. The 
figures of merit for both calibration curves were similar, so external calibration is 
recommended for the determination of nonionics in sewage and river waters. 
However, it is advisable to check for signal suppression or space-charge effects on 
the ion trap from matrix components as the composition of samples is expected to 
be very different from those analyzed here. 
 
Table 5 shows the concentrations found for the target compounds. These 
concentrations were in the range found by different authors in this type of 
environmental sample.49 Total method recoveries were assessed by analyzing spiked 
samples, and the results obtained were also included in this table. Recoveries for the 
samples analyzed ranged between 90 and 104%. Figure 6 shows, as an example, the 




The results here obtained from the study of some basic and applied aspects of 
alkyl carboxylic acid reverse micelle-based coacervates permitted us to draw some 
conclusions. The phase behavior of coacervates based on water-insoluble molecules 
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was greatly dependent on the solvency ability of the solvent used to dissolve the 
molecules. The Hildebrand solubility parameter, which indicates the relative 
solvency behavior of a specific solvent, was found to describe this phase behavior 
adequately. Since minimum solvent consumption will be of interest in most 
practical applications (e.g., preparation of liposomes,33 analytical applications, etc.), 
solvents with the highest solvency ability for the molecules will be the best choice. 
Likewise, the most soluble molecules (e.g., the shorter alkyl carboxylic acids) will be 
preferred for coacervation. In this way, one can use reverse micelles for the 
extraction of solutes using a minimal amount of water-miscible solvents, which can 
be made practically negligible using methods such as single-drop microextraction. 
Two main assets of these coacervates were their capability to extract organic 
compounds in a wide polarity range (e.g., PAHs, chlorophenols, bisphenols, 
pesticides, phthalates, nonionic surfactants, dyes, and photographic developers) 
based on both hydrophobic and hydrogen bond interactions and their potential to 
reach high preconcentration factors (e.g., between 16 and 2666 for decanoic acid 
concentrations from 4 to 0.025%, respectively). The coacervates were compatible 
with LC and UV and MS detection, and the pH window for analytical extractions 
was below pH 4, which makes them very convenient for their application to the 
extraction of organic compounds from environmental and food samples. Their 
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A new approach was developed for the monitoring of linear alkyl (C10 –C13) 
benzenesulphonates (LASs) in sewage sludge. It was based on their extraction with 
the anionic surfactant sodium dodecanesulphonate (SDoS) that undergoes 
coacervation under acid conditions. The target compounds formed mixed 
aggregates with SDoS by ideal hydrophobic interactions which made possible the 
breakdown of LAS–sludge interactions and provided high extraction yields. 
Variables affecting extraction were optimised using a fortified dehydrated sludge. 
Recoveries for LASs were found independent on the length of alkyl chain. Liquid 
chromatography–fluorimetry was used for separation and detection of LAS 
homologues. Detection limit for LAS in the sludge was 5 mg/kg. Concentration 
levels of total LASs in activated and dehydrated sludge collected from two different 
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sewage treatment plants were in the range 0.26–0.56 g/kg with LAS homologues 
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1.   INTRODUCTION 
 
Aqueous solutions of ionic surfactants, proteins, synthetic polymers and some 
microemulsions can undergo separation of a low volume surfactant–rich phase 
from the aqueous bulk induced by proper conditions [1–3]. Examples are changing 
parameters such as the pH, or adding a second substance such as a concentrated 
aqueous ionic salt solution or an organic solvent. Also, it can be induced in systems 
having two dispersed hydrophilic colloids of opposite electric charges. This 
phenomenon, termed coacervation, has been scarcely exploited for analytical 
purposes [4–6] in spite of coacervation can greatly extend the scope of micelle-
mediated phase separations. 
 
Ionic surfactants have a high potential for the extraction of amphiphiles on the 
basis of the formation of analyte–extractant mixed aggregates by hydrophobic, 
electrostatic and specific interactions [7–9]. Hydrophobic interactions lead to the 
formation of randomly mixed amphiphiles aggregates which is considered as the 
ideal component of mixing. Electrostatic interactions provide the basis for the non-
ideal component of mixing in the aggregate and become progressively stronger is 
going from mixtures of the same amphiphile type to those of opposite charge. 
Specific interactions (i.e. between quaternary ammonium groups and aromatic rings 
[10]) can also reinforce the formation of mixed aggregates. 
 
In a previous research, the ability of the acid-induced coacervation of sodium 
dodecanesulphonate to extract cationic surfactants from sewage sludge has been 
proved [11]. Ideal hydrophobic and non-ideal electrostatic interactions between the 
extractant and the target compounds led to the formation of mixed aggregates that 
facilitated the breakdown of sludge–cationic interactions and provided high 




- 140 - 
extraction yields. The proposed method was found quantitative, fast and simple. 
Because of these results, it is interesting, both from a theoretical and practical point 
of view to go deeply into the ability of coacervative extractions to extract 
amphiphiles of different nature from solid samples. 
 
Lots of amphiphiles are of concern in different areas such as biomedical, 
pharmacy and the environment. In the environment, amphiphiles include 
surfactants, many pesticides, phthalates etc. When they are discharged into 
wastewater treatment plants (WWTPs) or reach natural waters, a significant 
proportion, that depends on their nature, becomes associated to the particulate 
fraction (i.e. sewage sludge, sediment, etc.). Amphiphiles extractions from solid 
environmental samples have been based on their solubilisation in organic solvents, 
in which their hydrophobic character has been mainly exploited. Soxhlet based 
repetitive extractions using high volumes of organic solvents, with extraction yields 










Fig. 1. General chemical structure of the linear alkyl benzenesulphonates. 
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This article deals with the potential of the acid-induced coacervation of sodium 
dodecanesulphonate [6] to extract amphiphiles from solid environmental samples 
based exclusively on ideal hydrophobic interactions. The aim was to compare the 
ability of coacervative and organic solvent-based extractions when the same effect 
(i.e. hydrophobic) was used to solubilisation of the target compounds. For this 
purpose, the anionic surfactants linear alkyl benzenesulphonates (LASs), that are the 
major surfactant used on the market were selected. Both, analytes and extractant 
(sodium dodecanesulphonate, SDoS) bear the same polar group and therefore only 
hydrophobic interactions will be the leading force to the formation of LAS–SDoS 
aggregates. On the other hand, LAS commercial samples are a mixture of C10–C 13 
homologues (Fig. 1) so, the influence of the alkyl chain length on the efficiency of 
coacervative extraction can be assessed. Sewage sludge was the matrix selected for 
this study because the organic matter in domestic wastewaters, mainly made up of 
carbohydrates, fats and proteins [12], exerts a strong attraction for amphiphiles. The 
influence of the different parameters affecting both extractive efficiency and 
preconcentration factors was assessed. Matrix effects were widely investigated. The 
feasibility of the method developed was illustrated by the analysis of LAS 




2.1.   Apparatus 
 
The liquid chromatographic system used (Spectra System SCM1000, 
ThermoQuest, San Jose, CA, USA) consisted of a P4000 quaternary pump, a 
UV6000LP diode-array detector and a FL3000 fluorescence detector. In all 
experiments, a Rheodyne 7125NS injection valve, with a 20 µl sample loop was 
used (ThermoQuest). The inner surface of the valve was coated with Teflon in 
order to prevent the possible corrosion caused by the acidity of the sample. The 
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stationary-phase column was a 25 cm Nova-Pak C18 column, with 4.6mm i.d., from 
Waters (Milford, MA, USA). For sample preparation, a Telstar Cryodos-50 freeze-




All reagents were of analytical reagent-grade and were used as supplied. SDoS 
was obtained from Fluka (Madrid, Spain). Hydrochloric acid, HPLC-grade 
acetonitrile and methanol were obtained from Panreac (Sevilla, Spain). Analytical 
grade sodium perchlorate was purchased from Merck (Darmstadt, Germany). 
Petrelab P-550, a C10–C 13 commercial LAS product, was kindly supplied by Masso 
and Carol (Barcelona). The proportional composition of the different homologues 
was as follows: C10, 9.3%; C11, 37.6%; C12, 35.2%; C13, 17.9%. Standard solutions of 
LASs were prepared in distilled water. Ultra-high-quality water was obtained from a 
Milli-Q water purification system (Millipore, Madrid, Spain). 
 
2.3. Sample collection and preservation 
 
Activated and dehydrated sludge samples were collected in plastic containers 
from two WWTPs (Pozoblanco and Baena) in the south of Spain, in December 
2002 and March 2003, respectively. Pozoblanco WWTP receives domestic effluents 
and Baena WWTP receives about 30% of industrial effluents (mainly from laundries 
and olive oil industries) mixed with about 70% domestic wastewaters. Dehydrated 
sludge samples were freeze-dried, finely ground (<0.5 mm), and stored in amber 
bottles at 4 ºC until analysis. Activated sludge samples were previously filtered, and 
then processed as dehydrated sludge. 
 
Spiked samples were prepared from dehydrated sludge collected in the 
Pozoblanco WWTP (May 2002). Samples were freeze-dried and finely ground. 
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Then, 10 ml of 300 mg/l LAS aqueous solution were added to 25 g (dry mass) of 
sludge. Samples were allowed to interact with the natural organic matter for 1 day 
under nitrogen to prevent aerobic degradation and under stirring. Then, the sludge 
was freeze-dried, ground and stored in amber bottles at 4 ◦C. 
 
2.4. LAS coacervative extraction  
 
The steps followed for extraction of LASs from sewage sludge were as follows: 
the sample (0.1 g) was mixed with 10 ml of 0.1 M HCl and stirred at 73 rad/s for 5 
min. The acid solution containing alkaline and alkaline-earth metals was separated 
by centrifugation and discarded. Then, 10 ml of 3% SDoS in 4 M HCl was added to 
the solid sample and the mixture stirred at 73 rad/s (Agimatic-N, Selecta, Barcelona, 
Spain) and 40 ◦C for 40 min. Afterwards, it was centrifuged at 420 rad/s for 10 min. 
Three phases were observed in the centrifuge tube; the non-dissolved solid matrix 
at the bottom, a little volume of surfactant-rich phase containing the LASs at the 
top and aqueous phase between both, containing the surfactant at a concentration 
near the critical micellar concentration. In order to make easier the separation of the 
surfactant-rich phase, the temperature was lowered to 0 ◦C, then this phase, turned 
gelatinous, dense enough to be separated from the liquid phase using a simple tool 
(a spatula). Under room temperature, the gelatinous phase rendered liquid (about 
1.7) and it was diluted to 5 ml with methanol in a standard flask. Eight sludge 
samples were treated simultaneously. Before injecting an aliquot in the 
chromatographic system, the sample was filtered thorough a 0.45 m nylon 
membrane filter (0 .8 mm × 19 mm, Becton, Dickinson and Company, GA, USA). 
 
 2.5. Liquid chromatography-fluorimetry  
 
Acetonitrile–water (70:30, solvent A) and water (solvent B) both containing 
0.15 M NaClO4 were used as eluent solvents, at a flow rate of 1 ml/min. The 
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gradient elution program was linear from 33 to 10% B in 22 min and then isocratic 
for 3 min. The column effluent was monitored at 225 nm of exciting wavelength 
and 295 nm of emission wavelength. 
 
Calibration curves were obtained by adding 1 ml of aqueous solution 
containing between 5 g and 0.2 mg of LASs to 0.1 g of sludge previously treated 
with 10 ml of 0.1 M HCl to remove alkaline and alkaline-earth metal. After addition 
of LASs the slurry was stirred at 700 rpm for 10 min and subjected to the 
coacervative extraction. Correlation between peak areas and LAS homologues 
concentrations (20–800 ng absolute amount) were determined by linear regression 
and were typically r = 0.996. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Chromatographic separation of LAS homologues 
 
LASs on the European market is a mixture of closely related isomers and 
homologues each containing a linear alkyl chain, a benzene ring randomly 
distributed in all positional isomers except 1-phenyl and a sulphonate group in para-
position. The linear alkyl chain has typically 10–13 carbon units. Homologues 
separation of LASs is important in industrial and environmental samples, because 
detergency, biological degradation and aquatic toxicity depend on the alkyl chain 
length. Thus, biodegradation and bioconcentration is higher for the longer-chain-
length LASs [13–16]. On the other hand, individual analysis of LAS homologues is 
important to assess the efficiency of the SDoS coacervative extraction as a function 
of the length of the alkyl chain. 
 
Separation of LAS homologues using reversed-phase LC–UV has generally 
involved the use of an electrolyte, such as NaClO4, in the mobile phase [17–19]. We 
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tested different gradient elution programs with various combinations of acetonitrile 




























Fig. 2. LC–fluorimetry chromatograms obtained from a fortified sludge sample collected in the 
WWTP of Pozoblanco (0.1 g). Mobile phase: acetonitrile–water (70:30, solvent A) and water 
(solvent B) both containing 0.15 M NaClO4 . Flow rate: 1 ml/min. Stationary-phase column: 25 
cm Nova-Pak C18 (4.6 mm i.d., Waters). Gradient elution program: (a) linear from 21 to 13% B 
in 20 min and then isocratic for 5 min; (b) as specified in Section 2. LAS amount injected: (a) 80 
ng; (b) 240 ng. 
 
 
homologues resolution at the minimal analysis time and to achieve selectivity from 
extracted matrix components. Fig. 2 shows two typical chromatograms obtained at 
experimental conditions under which sludge matrix components and C10-LAS 
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coeluted (Fig. 2(b)) and separation was achieved (Fig. 2(a)), respectively. Non-
isocratic conditions were necessary to obtain selectivity. The surfactant SDoS did 
not interfere in the chromatographic analysis under any of the gradient elution 
programs tested. 
 
3.2. SDoS coacervative extraction of LASs from sewage sludge 
 
A significant proportion of LASs in raw sewage (10–35%) adsorbs to 
particulate matter [20]. The process of adsorption is primarily driven by the 
hydrophobic effect and specific or electrostatic interactions [21]. The extent of 
adsorption depends on a number of factors [22], the length of the alkyl chain being 
significant. It has been stated [23] that for each carbon atom added to the alkyl 
chain a two- to three-fold increase in the Ks (association constant) for LASs occurs. 
Other factors influencing the LAS amount present in sewage sludge are the 
presence of metal ions [20] (particularly Ca2+ that precipitates LASs), and the type of 
treatment the sludge undergoes [24] (aerobically treated sludge typically contain 
LAS concentrations in the range 100–500 mg/kg dry mass, whereas anaerobically 
treated sludge have LAS concentrations between 5000 and 15 000 mg/kg dry mass). 
 
Extraction of LASs from sewage sludge is commonly performed using 
Soxhlet or sonication with basic methanol [20,25–28] . Typical experimental 
conditions include two to three repetitive extractions, high volumes of organic 
solvents and long extraction times (about 4 hs). Therefore, more rapid and simple 
extraction method should be developed for analysis of LASs in sewage sludge. 
 
3.2.1. Behaviour of LASs under SDoS coacervative extraction conditions 
 
According to the phase diagram of SDoS in hydrochloric acid aqueous 
solutions [29], two coexisting isotropic phases exist for this surfactant in the range 
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2.5–5 M HCl. Alkyl benzenesulphonates also undergo coacervation, although at 
considerable higher acid conditions (between about 5 and 9 M HCl) [6]. Below 5 M 
HCl, LASs precipitate as alkyl benzenesulphonic acids. We checked that 
precipitation was not quantitative between 10−4 and 5 M HCl for LAS 
concentrations ranging from 1 to 500 mg/l. At the LAS concentrations of interest 
for calibration (about 1–40 mg/l) and 4 M HCl, the percentage of precipitation for 
LASs was found to be about 20–25%. Partitioning of LAS homologues to the SDoS 
surfactant-rich phase from the water phase was found to be about 75–80% under a 
variety of experimental conditions (equilibration time, 5–80 min; temperature, 20–
60 ◦C; [HCl] = 2.5–4 M; [SDoS] = 1–3%) which indicated that SDoS did not 
affected the precipitation equilibrium of alkyl benzenesulphonic acids. 
 
It was also checked from preliminary experiments that the matrix components 
extracted from different sludge had hardly effect on the precipitation of alkyl 
benzenesulphonic acids. Thus, recoveries obtained from the addition of LAS 
standards to the SDoS rich phase resulting from the extraction of 0.1 g of no spiked 
sludge ranged from 76 to 82%. 
 
As earlier specified, LASs are retained in sewage sludge by both adsorption and 
precipitation with Ca2+ (LAS-Ca). Since Ca2 + also precipitates the extractant SDoS, 
we investigated its ability to extract LAS-Ca. For this experiment, we considered 
extreme conditions, namely, the LAS concentration in sludge was 40 g/kg and all 
LASs were as LAS-Ca. The highest LAS concentrations in sludge (about 30 g/kg) 
have been reported for a Spanish region in presence of a very high water hardness 
(>500 mg/l as CaCO3) [30], however, LASs in aerobic sludge rarely exceeds 0.5 
g/kg. Investigations were carried out by precipitating the LAS amount 
corresponding to 0.1 g of sludge in an aqueous medium with Ca2+ concentrations 
that were, respectively a half, equal and twice the LAS molar concentration. 
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Precipitation of LASs was detected in all experiments. After centrifugation, the su-
pernatant and precipitate were subjected to coacervative extraction with SDoS. 
Considering the sum of both fractions, LAS recoveries ranging from 76 to 83% 
were obtained (the rest precipitated as alkyl benzenesulphonic acid), thus con-
firming the ability of SDoS to extract LAS-Ca. 
 
3.2.2. Optimisation of the extraction process 
 
 
As no standard reference materials were available, spiked dehydrated sludge 
was used to optimise the parameters potentially influencing the extraction efficiency 
of LASs, namely, surfactant amount, temperature, HCl concentration, matrix 
components, extraction time, etc. The effect of these parameters on the surfactant-
rich phase volume and therefore on the preconcentration factor achieved was also 
investigated. Three replicates were made to get a mean value. Recoveries were 
calculated from calibrations carried out with aqueous LAS standards, therefore 
extraction was considered quantitative when recoveries were about 75–80%, 
considering the simultaneous precipitation of alkyl benzenesulphonic acids under 
the acid conditions used. 
 
Before extraction, removal of the alkaline-earth metals present in sludge as 
carbonates was necessary since they yield insoluble salts with SDoS. Stirring of the 
sample with 0.1 M HCl for 5 min was enough to remove the alkaline-earth metals 
without losses of LASs in the acid phase discarded. 
 
Table 1 shows some of the recoveries obtained for LAS homologues as a 
function of SDoD concentration. The recoveries calculated for total LASs are also 
included. The extraction efficiency was found to be practically independent on the 
length of the alkyl chain. The phase volume ratio (volume of surfactant-rich 
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phase/volume of aqueous solution, after the extraction step) was linearly dependent 
on the percentage of SDoS used as extractant, thus influencing the volume of the 
extracts obtained and as a result the detection limits that can be achieved. 
Accordingly, a compromise should be always achieved between recovery and 
preconcentration. The precision obtained decreased at SDoS concentrations above 
4% probably due to the greater difficult in manipulating the high volumes obtained 
for the surfactant-rich phase. A percentage of 3% SDoS which gave to about 1.7 ml 
of surfactant-rich phase is recommended. 
 
Table 1  
Mean percent recoveriesa obtained for the extraction of C10 –C 13 LAS homologues from 








a Based on three replicates; range of R.S.D. values 1–5%.   
b Average recoveries of LAS homologues. Experimental conditions: 40 ◦C, 4 M HCl and 1 h.  
 
The influence of the temperature on the efficiency of SDoS to extract LAS 
from sludge was studied in the range 20–70 ◦C (results not shown). The percentage 
of extraction increased about 5% when the temperature ranged from 20 to 40 ◦C. 
No significant increments were observed for larger temperature values. Therefore, it 
is recommended that extractions are carried out at 40 ◦C. 
 
The kinetics of extraction of LASs from the aqueous phase to SDoS micelles is 
very rapid and as a result the partition equilibrium is achieved in about 2 min. In 
 
 
SDoS (%) C10 C11 C12 C13 Recovery (%)b 
   1.5 52 48 46 46        48 
   2 75 72 71 70        72 
   2.5 77 74 70 71        73 
   3 99 99 98 98        98 
   4 90 90 88 85        87  
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solid samples, the kinetics of partition between the solid and the micellar phase will 
be mainly governed by the kind and site of binding of analytes to the porous matrix. 
In order to investigate the influence of the time of extraction on the ability of SDoS 
to extract LASs from the sludge sample, this variable was tested in the ranged 
between 10 min and 1 h (times below 10 min produced low precision recovery 
measurements). Recoveries for LASs increased from about 73 to 82% in the 10–40 
min interval and then kept constant. They were independent on the length of the 
alkyl chain. An extraction time of about 40 min is recommended. 
 
Acid conditions (2.5–5 M HCl) are necessary to get the separation of SDoS in 
two isotropic phases in an aqueous medium. Organic components are known to 
influence surfactant phases separation diagrams [1,2] and therefore sludge matrix 
components could affect SDoS coacervation. For this reason, we studied the 
influence of hydrochloric acid concentration on the efficiency of SDoS to extract 
LASs from sludge (0.1 g) in a wide interval (1–8 M). It was found that coacervation 
of SDoS occurred in the range 2.5–4.3 M hydrochloric acid, therefore the superior 
limit was reduced with respect to an aqueous medium. In this interval, extraction 
efficiencies for LASs were about 82% from 3.5 M HCl and the volume of the 
surfactant-rich phase decreased from 3 to 1.7 ml. A HCl concentration of 4 M is 
recommended for extraction of the spiked dehydrated sludge used for optimisation 
purposes in order to achieve maximal extraction efficiency and preconcentration. 
 
As sludge matrix components influenced the SDoS phases separation diagram, 
the effect of different amounts of sludge (0.1–1 g) on the coacervation process was 
investigated. For this purpose, HCl and SDoS concentrations ranging from 1 to 8 M 
and 1 to 10% were tested. It was found that the amount of sludge greatly influenced 
the rich phase volume obtained (Table 2), however, the HCl concentration interval 
in which coacervation occurred hardly was modified. As it is logical, the surfactant 
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concentration required for extraction increased in proportion to the amount of 
sludge increased. The minimum sludge (g): surfactant (%) ratio to get coacervation 
was about 1:7. So, under the conditions specified in Table 2 (4% SDoS), no 
coacervation was get for sludge amounts equal or above to 0.6 g. The sample size 
did not affect to the extraction efficiency for the two different sludge amounts 
analysed (0.1 and 0.2 g). Therefore, 0.1 g of sludge is recommended for analysis. 
 
     Table 2   












3.3 Calibration data 
 
Because the complexity of sludge samples, the low selectivity of UV detection 
and the possibility that matrix components of some sludges could affect 
precipitation of alkyl benzenesulphonic acids, calibration curves were constructed 
by applying the complete procedure to 0.1 g of sewage sludge fortified with a 
solution containing LASs, previous removal of alkaline and alkaline-earth metals by 
0.1 M HCl. Table 3 shows the results obtained for calibrations from four fortified (5 
g–0.2 mg) sludge samples, expressed as total concentration of LASs. Identical 
responses were obtained for the different homologues. The curves obtained were 
linear in the range studied, from 20 to 800 ng (absolute amount injected), and the 
 
 




phase volume (ml)  




      0.05        3       4         5.8 
 
      0.1        3       4         4.2 
 
      0.2        3       4         3.0 
 
      0.3        3       4         2.2 
 
      0.4        3       4         1.2 
 
      0.5        3       4         0.5 
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correlation coefficients were about 0.996 thus indicating good performance of the 
methodology developed. Similar slopes were found from sludge samples of 















The instrumental detection limits were calculated using a signal-to-noise ratio 
of 3. It was about 2 ng. Taking into account the amount of sample extracted and 
the volume of extract injected, the detection limit of LAS in sludge samples was 
calculated to be 5 mg/kg. Thus, the method developed has the capability of 
detecting low concentrations of LASs in environmental sludge samples. 
 
The precision of the method was evaluated by extracting eleven independent 
fortified sludge samples. The relative standard deviation ranged between 10 and 
15% for the different homologues, which indicated a good reproducibility of the 
approach developed in this work. 
 
     
   Sludge sample        Slope ± S.D.(×104 ng−1 ) 
                        
Intercept±S.D.(×106 ) Sy/x(×106 )      r 
  
       Activate   
    (Pozoblanco)               0.16 ± 0.01 
   
  
   -0.09±0.21  0.20   0.997 
 
    Dehydrated 
   (Pozoblanco)               0.20 ± 0.02 
 
  
    1.93±0.54   1.28    0.997 
 
   Activated  
    (Baena)               0.18 ± 0.02 
 
 
    1.36±0.40   0.90    0.997 
  Dehydrated  
      (Baena)               0.21 ± 0.02 
 
 
    2.15±0.85   1.30    0.996 
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The possible interference of non-ionic surfactants was carefully investigated 
since they are components of sludge samples and they can be easily extracted by 
SDoS because of their amphiphile nature. Sludge concentrations expected for 
alkylphenol ethoxylates are higher in anaerobically digested sludge (900–1100 
mg/kg [31]) than in aerobically digested sludge (0.3 mg/kg [32]), and considerably 
lower that LAS concentrations [24]. Non-ionic surfactants selected for this study 
were nonylphenol ethoxylate and octylphenol ethoxylate which were added to 0.1 g 
of LASs at equimolecular and 10-fold the LAS concentration. No interference was 
detected in the extraction efficiency of LASs. No coelution occurred under the 
elution program used. 
 
3.4. Sewage sludge samples 
 
The performance of the method was evaluated by analysing activated and 
dehydrated sewage sludge from two WWTPs located in the south of Spain 
(Pozoblanco and Baena). They were selected on the basis that they receive domestic 
and domestic/industrial influents, respectively. Both of them apply biological 
treatment. Volumes of surfactant-rich phase between 1.4 and 1.7 ml were obtained 
for all samples analysed using the concentration of HCl recommended (4 M), except 
for the activated sludge from Baena. For this sample, coacervation occurred at 
lower HCl concentrations. Adequate volumes of surfactant-rich phase (1.4–1.6 ml) 
were obtained from 3 M hydrochloric acid concentration. The acid concentration 
selected for its analysis was 3.5 M. 
 
Table 4 shows the concentrations found for the different LAS homologues, 
expressed as the mean value (n = 3) and the corresponding standard deviation. The 
LAS homologue distribution in sludge from Pozoblanco was similar to that of 
commercial products, for which the mole ratio C10:C11:C12:C13 is typically 
13:30:33:24. However, the sludge from Baena showed a distribution similar to that 
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found by other authors (C10:C11:C12:C13 mole ratio = 7:24:40:29) [13,30,33] which is 
a consequence of the preferential adsorption of higher homologues. This different 
distribution could be related with the particular form in which LASs are retained in 
the sludge (precipitated with metals or adsorbed), although more data are necessary 
 
Table 4 
Mean concentrationa (mg/kg) ± S.D. of C10 –C 13 LAS homologues found in sewage sludges 
collected from two wastewater treatment plants (WWTPs), analysed by the SDoS 











to confirm this assumption. Total LAS concentration was lower than 0.5 g/kg for 
the analysed samples, except for the activated sludge from Baena. All homologues 
underwent biodegradation in the WWTPs; differences in LAS concentration be-
tween activated and dehydrated sludge were about 20–25%. 
 
 4. CONCLUSIONS 
 
Some conclusions can be inferred from the results obtained in this study that 
are of interest for the monitoring of amphiphiles in environmental solid samples. 
Thus, coacervative extraction based on the formation of mixed aggregates between 
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break sludge–LAS bonds, originating high extraction yields. The results obtained 
from the optimisation of the extraction process are basically similar to those 
previously found [11] and they seems to be of general character for the extraction of 
compounds from solid samples [34]. Briefly, the concentration of the surfactant 
used as extractant is of primary importance to maximise recovery, and the volume 
of the surfactant-rich phase obtained depends on extractant/HCl concentration and 
the organic nature of matrix components. So, it is important to make it to a fixed 
volume. 
 
The main advantages of the method developed here for the monitoring of 
LASs in sewage sludge are as follows. The extraction of C10–C 13 homologues is 
carried out in an aqueous medium using an extraction time of 40 min and mild 
conditions (40 ◦C). No special equipment is required which makes possible to 
perform simultaneous treatments. Also, extractions are not dependent on the length 
of the alkyl chain of LASs. These characteristics compare favourably with those of 
the classical extraction of LASs from solid samples with basic methanol, where two 
to three repetitive extractions with high volumes of organic solvents and sample 
treatments of 3–4 h using Soxhlet are required [25–28]. So, hydrophobic 
interactions between amphiphiles leading to the formation of mixed aggregates 
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Coacervates made up of vesicles of decanoic acid, induced by 
tetrabutylammonium, are proposed for the extraction of bisphenols  A and F (BPA, 
BPF) and their corresponding diglycidyl ethers (BADGE and BFDGE) from 
sewage and river water. The driving forces for the extraction were hydrophobic, 
hydrogen bonding and π-cation. Actual concentration factors depended mainly on 
the amount of decanoic acid and tetrabutylammonium making up the coacervate.  
Under optimal experimental conditions, they were 569, 561, 500 and 477 for BPA, 
BPF, BADGE and BFGDE, respectively. Extractions were independent of the 
presence of salts up to 1M and the temperature up to 60 ºC. Equilibrium conditions 
were reached in 5 min.  The combination of vesicular coacervation with liquid 
chromatography and fluorescence detection at λexc 278 nm and λem 306 nm 
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permitted the quantification of the target pollutants with detection limits of 9-10 
ng/L. The method was applied to their determination in raw and treated sewage 
and river samples. No clean-up steps were necessary. Apparent recoveries of 
bisphenols and their diglycidyl ethers in the environmental water samples ranged 
from 95 to 102%. The concentrations of BPA and BPF in samples were between 
0.1 and 1.7µg/L. BADGE was found mainly in wastewater influents, at 
concentrations ranging between 0.49 and 1.15 µg/L, whereas BFDGE was only 
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1.   INTRODUCTION 
 
Bisphenols are extensively used in the manufacture of epoxy resins and 
polycarbonate plastics [1].  Epoxy resins use as starting substances bisphenol A 
diglycidyl ether (BADGE) and bisphenol F diglycidyl ether (BFDGE), which are 
obtained by a condensation reaction between epichlorohydrin and bisphenol A 
(BPA) and F (BPF), respectively.  These resins have found wide application in the 
manufacture of adhesives, paints, the sheathing of electrical and electronic parts and 
food can linings. Polycarbonates plastics are synthesized from BPA and they 
account for 68% of BPA´s end-uses, including digital media (e.g. CDs, DVDs), 
electronic equipment, automobiles, construction glazing, sports safety equipment, 
and reusable food and drink containers. The annual global BPA production capacity 
in 1999 was estimated at approximately 2.610.000 tonnes and it has been reported 
to be increasing at about 7% per year [2].  
Discharges to the environment occur from factories producing bisphenols or 
those using them as starting materials, from sites where manufactured products are 
recycled and possibly from landfill sites. Discharges to air are expected to break 
down fairly rapidly, but discharges to water are likely to be more persistent.  The 
concentrations of BPA in aquatic environments (e.g. surface water 0.0005-0.41 
µg/L, sewage effluents 0.018-0.702 µg/L, etc) are superior to those of BPF [3,4].  
To our knowledge, no data have been reported about the occurrence of BADGE 
and BFDGE in the environment, although some methods for their analysis have 
been proposed [5,6].  Because bisphenols appears to affect the sexual differentiation 
of several aquatic organisms at very low exposure levels [7,8], there is a need to  
resolve the uncertainties surrounding the potential of these pollutants to produce 
adverse effects in the environment at the medium- and long-term.  For this 
purpose, the development of low-cost, rapid, sensitive and selective analytical 
methods is mandatory.  
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The polarity of bisphenols, their low concentrations and the complex and 
potential different composition of environmental samples cause significant 
problems in developing appropriate analytical methods. Three techniques namely, 
liquid-liquid extraction (LLE), solid-phase extraction (SPE) and solid-phase micro-
extraction (SPME) have been used for isolation and concentration of BPA and BPF 
from environmental waters [9,10]. LLE and SPME are used prior to gas 
chromatography/mass spectrometry (CG/MS) [9,10]. In order to have appropriate 
detection limits, derivatization to silyl bisphenols [11-13] or pentafluorobenzoylate 
esters [14] have been proposed, but pre-treatment of samples is extremely slow [15].  
Analysis of BPA and BPF by SPE-liquid chromatography (LC) and mass 
spectrometry [16,17] or fluorimetry [18] has increased considerably in the last few 
years. Sorbent materials such as LiChrolut RP-18 [16] and polystyrene-
divinylbenzene polymers [19] provide relatively low recoveries (70-80%), 
considering that external calibration is used for quantification.  Higher recoveries 
have been reported for BAP using molecularly imprinted polymers (MIPs) [[17,20] 
and multiwalled carbon nanotubes (MWNTs) [18], their main disadvantages being 
the no commercial availability of MIPs and the high cost of MWNTs.  Recently, we 
have reported the use of hemimicelles and admicelles for the preconcentration of 
BPA and BPF, which permitted to reach practical detection limits of 10 and 15 
ng/L for BPF and BPA, respectively [21].  Unfortunately, the SPE of BADGE and 
BFDGE was hindered by their irreversible adsorption on cartridge frits 
(polyethylene and cellulose acetate were investigated, data unpublished) probably 
due to the reaction of the epoxy groups with frit materials [22,23].  Adsorptions 
between 45-50 % and 20-40% were obtained at pH 2 and 7, respectively. 
In this paper, we propose the use of alkyl carboxylic acid vesicle-based 
coacervates [24] for the extraction/concentration of BPA, BPF, BADGE and 
BFDGE from environmental waters prior to their LC/fluorimetric determination. 
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The aim of this work was to develop a rapid, simple and reliable method for the 
routine control of these pollutants in sewage and river water. 
Coacervates are low volume, colloid-rich and water immiscible liquid phases 
produced in colloidal solutions under the action of a dehydrating agent (salt, a non-
solvent, pH or temperature) [25-27]. Surfactant micelle-based coacervates have been 
by far the most used ones in analytical extractions [28-33]. They consist of micelles 
dispersed a continuous aqueous phase. The water content of coacervates is about 
90-95%, which makes their immiscibility with aqueous solutions very intriguing. 
The extraction technique based on coacervates has been named cloud point extraction 
(CPE).  One of the main assets of these types of coacervates is their potential to 
extract analytes in a wide range of polarity/charge. Micelles have regions of 
different polarity and acidity where solutes of very different physical-chemical 
characteristics can be solubilized. Unfortunately, extractions based on non-ionic 
micelles, the most used ones, have primarily been governed by hydrophobic 
interactions. On the other hand, the ionic micelles-based coacervates, that permit a 
number of interactions (e.g. electrostatics, π-cation, hydrogen bonding, formation of 
mixed aggregates, etc), require drastic experimental conditions for coacervation 
[34,35]. These conditions have been advantageous for the extraction of pollutants 
from environmental solid samples [36-38], but have restricted the application of 
these coacervates to aquatic systems.   
The tetrabutylammonium-induced liquid-liquid phase separation in vesicular 
solutions of alkyl carboxylic acids, recently described by our research group [24], 
presents a high potential for the extraction of bisphenols on the basis of:  (1) the 
different types of interactions that coacervates can establish with them; (2) the high 
preconcentration factors that can be achieved; and (3) the mild experimental 
conditions under which the coacervates are produced. Below, the main results 
obtained are presented. 
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2.   EXPERIMENTAL 
 
2.1.   Chemicals and materials 
 
All chemicals were of analytical reagent-grade and were used as suplied. 
Octanoic acid (caprilic) was purchased from Riedel-de Haën (Seelze, Germany); 
decanoic (capric) and dodecanoic (lauric) acids from Fluka (Madrid, Spain) and 
tetradecanoic acid (miristic) from Aldrich (Milwaukee, WI). Tetrabutylammonium 
hydroxide (Bu4NOH) and bromide (Bu4NBr) were obtained from Aldrich. 
Bisphenol A [BPA; 2,2´-bis(4-hydroxyphenyl)propane], bisphenol F [BPF; bis(4-
hydroxyphenyl)methane], bisphenol A diglycidyl ether [BADGE] and bisphenol F 
diglycidyl ether [BFDGE] were obtained from Fluka. BFDGE was supplied as a 
mixture of three position isomers (ortho-ortho, ortho-para, para-para) the relative 
proportion of which was unknown. A stock solution containing 1 g/L of each 
bisphenol was prepared in acetonitrile and stored under dark conditions at 4ºC. 
This stock solution was stable for at least 1 month. HPLC-grade acetonitrile was 
supplied by Panreac (Sevilla, Spain) and ultra-high-quality water was obtained from 




The liquid chromatographic system used (Spectra System SCM1000, 
ThermoQuest, San Jose, CA, USA) consisted of a P4000 quaternary pump, a 
UV6000LP diode-array detector and a FL3000 fluorescence detector. In all 
experiments a Rheodyne 7125NS injection valve with a 20 μL sample loop was used 
(ThermoQuest, San Jose, CA, USA). The stationary-phase column was a Hypersil 
ODS (5 m 150 x 4,6 mm) from Analisis Vinicos (Tomelloso, Spain).  
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2.3. Optimization of the extraction efficiency 
 
A typical extraction experiment involved the preparation of a 10-100 mL 
aqueous solution in a glass tube containing Bu4NBr, bisphenols (A, F, BADGE and 
BFDGE), alkyl carboxylic acid (C8-C14) and the appropriate amount of sodium 
hydroxide to neutralize a half of the alkyl carboxylic acid. The aqueous suspension 
was centrifuged at 3000 rpm for 5 min to make easier the formation of the 
coacervate. Next the mixture was stirred for 5 min to favour analyte extraction and 
then centrifuged at 3000 rpm for 5 min to accelerate phase separation. The 
coacervate phase was situated at the upper part of the tube. The volume of the 
coacervate depended on the chain length and the amount of alkyl carboxylic acid 
and it ranged between 130 and 520 μL. The volume was measured with a digital 
calliper. The whole coacervate was transferred to a 2 mL standard flask using a 
microsyringe, diluted to the mark with methanol, and 20 L of the resulting 
solution analyzed by LC. Calibration curves were run from standards dissolved in 
acetonitrile and injected into the LC system. No differences were detected in peak 
areas or retention times for the analytes injected in coacervates or organic solvent. 
The influence of variables such as alkyl carboxylic chain length, Bu4NBr (0-0.21 M) 
and carboxylic acid (0.1-4%) concentrations, ionic strength (1x10-3-1M NaCl), 
temperature (20-60ºC) and extraction time (1-60 min), on extraction efficiencies and 
concentration factors was investigated in the ranges specified in parentheses.   
 
2.4. Analysis of bisphenols in river and wastewater samples  
 
2.4.1. Sample collection and preservation 
 
Influent and effluent water samples were collected from different municipal 
wastewater treatment plants (WWTPs), (Linares, Bailén, Lucena and Mengíbar, all 
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of them in the region of Andalucía, South of Spain) in June of 2006. Linares 
WWTPs receives the same level of both domestic and industrial wastewaters 
(mainly from the car and engineering industries), Bailén WWTP receives about 60% 
of industrial effluents (largely from built industries) mixed with about 40% domestic 
wastewater. Lucena WWTP receives mainly industrial wastewater from furniture 
and bronze factories and Mengíbar WWTP receives largely domestic effluents. All 
WWTPs apply biological treatment. River samples were taken from three streams 
flowing by Córdoba province (Guadalquivir, Guadajoz and Dos Torres). Samples 
were collected in dark glass containers. They were immediately filtered through 0,45 
m filters membranes (Analisis Vinicos S.L Tomelloso, Spain) in order to remove 
suspended solids and then they were adjusted to pH 2 by the addition of 
concentrated nitric acid. Finally they were stored at 4ºC. 
 
2.4.2. Coacervate-Based Extraction 
 
The pH of aqueous standard solutions or environmental samples (100 mL) was 
adjusted at about 5 by the addition of 1 M sodium hydroxide.  Then, 
standards/samples were transferred to centrifuge tubes, which had a narrow neck (7 
mm internal diameter). Afterwards, decanoic acid, Bu4NOH and Bu4NBr were 
added to make a final concentration of 5.8x10-3 M, 2.9x10-3 M and 2.9x10-3 M, 
respectively.  Each solution was centrifuged (3000 rpm, 5 min) to make easier the 
formation of the coacervate, stirred (5 min) to favour partition of analytes and then 
again centrifuged (3000 rpm, 5 min) to accelerate phase separation.  The volume of 
the coacervate, which was standing at the top of the solution in the narrow neck of 
the tube, was measured using a digital calliper. Aliquots of the coacervate (20 L) 
were withdrawn using microsyringes and directly injected into the LC/Fluorimetry 
system.  
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2.4.3. Liquid Chromatography/Fluorimetry 
 
Separation and quantification of bisphenols and their diglycidyl ethers was 
performed by liquid chromatography-fluorimetry. The mobile phase consisted of 
acetonitrile (solvent A) and water (solvent B) at a flow rate of 1 ml/min. The 
gradient elution program was linear from 55% to 45% B in 7 min, then from 45% 
to 30% in 23 min and finally from 30% to 0% in 5 min. The column effluent was 
monitored at λexc 278 nm and λem 306 nm. Quantification was performed by 
measuring peak areas. Calibrations for bisphenols A and F and their diglycidyl 
ethers were linear in the range 0.5-50 ng (absolute amount injected). Table 1 shows 
the retention time, the calibration regression equation and the correlation 
coefficient for each of the bisphenols.   
Table 1 













a Standard deviation.   














Slope ± Sa  
(×103) (L/µg) 
Intercept ± Sa  
(×103) (L/µg) r b 
BPF 3.7 
 
    34 ± 2        −5± 8 0.996 
BPA 5.2   
 
    36 ± 1               0.2± 3 0.993 
BFDGE (I, II, III) 9.8, 10.5, 11.1 
 
    82 ± 4        7± 9 0.996 
BADGE 11.7 
   
    65 ± 3        5± 10 0.990 
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3. RESULT AND DISCUSSION 
 
3.1. Alkyl carboxylic acid vesicular coacervate-based extraction of 
bisphenols  
 
3.1.1. General considerations 
 
Alkyl carboxylic acids assemble into a variety of structures when suspended in 
aqueous media [39]. Deprotonated acids assemble as micelles, mixtures of 
protonated and deprotonated acid molecules produce vesicles (pH range = apparent 
pKa  0.5-1, being the apparent pKa that of the acid inserted in a structure), and 
protonated molecules form free acids (pKa 4.80.2). The formation of vesicles near 
the apparent pKa of acids has been explained on the basis of Van der Waals 
interactions between their alkyl chains and the formation of unusually strong 
hydrogen bonds between deprotonated and protonated carboxylic groups [40]. 
 
Alkyl (C8-C18) carboxylic acid vesicles undergo coacervation under the addition 
of tetrabutylammonium salts [24]. The resulting coacervates consist of unilamellar 
vesicles dispersed in a continuous aqueous phase. They have great potential to 
extract analytes in a wide polarity/charge range because of the different types of 
interactions these vesicles can establish with analytes (hydrophobic, formation of 
mixed aggregates, hydrogen bonding, ionic interactions, etc).  
 
Bisphenols are relatively polar compounds (their octanol-water partition 
coefficients, log Kow, are 2.91, 3.32, 3.25 and 3.95 for BPF, BPA, BFGDE and 
BADGE, respectively). The pKa values for BPA and BPF are 9.73 and 9.67, 
respectively, so bisphenols are neutral at working pHs (e.g. 6-8). Three types of 
interactions were expected to be the driving forces for extraction, namely; 1) 
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hydrogen bonds between the carboxylate/carboxylic groups of vesicles and the 
alcohol/ether groups of analytes; 2) π-cation interactions between the aromatic 
rings of analytes and the quaternary nitrogen of tetrabutyl ammonium; and 3) Van 
der Waals forces between the hydrophobic regions of analytes and the coacervate. 
Although it is very difficult to determine the relative importance of these forces in 
the extraction of bisphenols, we will try to delve into this topic more deeply 




The extraction procedure was optimised according to the protocol specified in 
section 2.3. Since the volume obtained for coacervates depends greatly on some 
variables (e.g. alkyl carboxylic acid concentration), coacervates were made up to 2 
mL with methanol before measuring the amount of extracted analytes. In this way 
the optimisation study was simpler.  Selection of the optimal conditions was based 
on actual preconcentration factors. They were estimated from the theoretical 
concentration factors (the ratio of the sample volume over coacervate volume) and 
recoveries. All the experiments were made in triplicate.  
 
The proper selection of the alkyl carboxylic acid making up the coacervate is 
important since it influences recoveries, concentration factors, the pH at which 
extractions can be carried out and the time necessary to get the coacervate. In this 
study, coacervates made up of octanoic, decanoic, dodecanoic and tetradecanoic 
acids were assessed as extractants of bisphenols.  
 
Recoveries depended slightly on the chain length of the alkyl carboxylic acid 
(Table 2). Maximum values were obtained using decanoic acid and decreases of 
about 4-7%, 7-10% and 13-20% were found for octanoic, dodecanoic and 
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tetradecanoic acids, respectively. Figure 1 shows the linear relationships obtained by 
plotting the volume of coacervate obtained as a function of the amount of alkyl 
carboxylic acid used, for the different alkyl carboxylic acids investigated.  The slopes 
of these straight lines were 1.3±0.2, 1.6±0.2, 1.8±0.2 and 2.1±0.2 µL/mg for 
decanoic, octanoic, dodecanoic and tetradecanoic acids, respectively.  These results 
meant that the volume of coacervate obtained increased as the alkyl chain length did 
and that octanoic acid (a water immiscible liquid at room temperature) behaved 
differently. Actual concentration factors for bisphenols were calculated from the 
recoveries (table 2) and the theoretical concentration factors (estimated from data in 
figure 1) and they were maximal using decanoic acid.  
 
Table 2. Mean percent recoveries and standard deviations obtained for bisphenols using 










a[Alkylcarboxylic acid]= 1%, Bu4NOH (M)/Alkylcarboxylic Acid (M)= 0.5, Room Temperature   bn=3 
 
With respect to the pH range at which vesicular coacervative extractions can be 
carried out it is important to consider that the pH range for coacervation is directly 
related to that of vesicle formation (i.e. apparent pKa±0.5-1). Apparent pKa values 
for vesicles made up of octanoic, decanoic, dodecanoic and tetradecanoic acids 
were 6.0±0.1, 7.0±0.1, 7.8±0.2 and 7.9±0.2, respectively. Beyond the range 
pKa±0.5-1, the coacervate disappeared by precipitation of the carboxylic acid [pKa–
Alkylcarboxylic  
Acida 
Recovery Sb (%) 
BPA BPF BADGE BFDGE 
Octanoic 643 651 623 623 
Decanoic 673 692 662 672 
Dodecanoic 612 623 613 614 
Tetradecanoic 585 594 533 535 
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(0.5-1)] or the solubilization of the carboxylate [pKa+(0.5-1)]. The maximal amount 
and stability of vesicles is obtained at pH=pKa, so it is recommended to work at 
alkyl carboxylic acid/carboxylate molar ratios around 1. We checked that extraction 
of bisphenols was not affected by the pH at neutral or slightly acid or basic pH 
values, which is logical considering the possible interactions established between 
these compounds and the coacervate. So, this parameter was not decisive to select 
the alkyl carboxylic acid used for extraction.  On the other hand, coacervates 
formed faster from the shorter alkyl carboxylic acids (e.g. the formation of 
coacervates from decanoic, dodecanoic and tetradecanoic using centrifugation at 
3000 rpm took about 5, 10 and 20 min, respectively [24]). So, taking into account 
the extraction efficiencies and concentration factors obtained for bisphenols, as well 














Fig. 1. Dependence of the coacervate volume got with the amount of alkyl  
carboxylic acid used for coacervation. Alkyl carboxylic acid: (1) decanoic; (2) 
octanoic; (3) dodecanoic; and (4) tetradecanoic. 
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Table 3 shows the theoretical concentration factors and recoveries obtained for 
bisphenols as a function of the percentage of decanoic acid used for extraction. The 
actual coacervation factors calculated  from these  data are depicted in Figure 2. 
Percentages of around 2% were necessary to get maximal recovery. Actual 
concentration factors increased as the percentage of decanoic acid decreased, so, 
from a theoretical point of view, the lowest decanoic acid concentrations are 
recommended for extraction of bisphenols. In practise, the minimum amount of 
surfactant used is restricted by the volume of coacervate obtained. It should be high 
enough to permit 2-3 sample chromatographic runs in a reliable way (i.e. without 
extracting water solution into the microsyringe as the coacervate is withdrawn). So, 
although the sample volume does not influence recoveries or concentration factors 
it must be selected to give at least 100 μL of coacervate. Taking  into account these  
considerations, we selected 0.1% of decanoic and 100 mL of sample (an adequate 
volume for centrifugation), which provided actual concentration factors between 
120 and 180 for the different bisphenols (Fig 2) and coacervate volumes around 
130 μL. 
 
Table 3 Theoretical preconcentration factors and mean percent recoveries and standard 



















BPA BPF BADGE BFDGE 
0.1 769 203 233 164 183 
0.2 384 294 324 234 254 
0.3 256 373 403 303 313 
0.4 192 432 474 344 394 
0.5 154 472 533 404 442 
1 77 694 702 655 663 
2 38 993 992 883 924 
3 26 1002 1002 894 924 
4 19 991 993 893 934 
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The method was robust with respect to decanoic acid concentration despite 
the steep rise of actual concentration factors with decreasing % acid. The reason is 
that this parameter was calculated from the theoretical concentration factors, which 
were precisely estimated from the linear dependence between the volume of the 
coacervate and the amount of surfactant (correlation coefficient 0.9995, Figure 1), 
and the recoveries, which did not change too much as a function of the decanoic 
acid (e.g. see recoveries for 0.1 and 0.2% on Table 3). In the above experiments it 
was assumed that hydrophobic and hydrogen bonding were the driving forces for 
















Fig. 2. Actual concentration factors obtained for (▪) BPF, () BPA, (×) BFDGE 
and (▼) BADGE as a function of decanoic acid concentration. 
 
The effect of establishing π-cation interactions between bisphenols and the 
coacervate on recoveries was investigated. With this aim, different amounts of 
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tetrabutylammonium bromide were added to solutions containing equimolecular 
concentrations of decanoic acid and tetrabutylammonium decanoate .  Different 
decanoic acid:Bu4NOH:Bu4NBr molar ratios were studied, keeping constant 
decanoic acid (0.1 %) and Bu4NOH concentrations. Table 4 shows the results 
obtained. The recoveries for bisphenols increased greatly in the presence of 
additional tetrabutylammonium ions (compare these data with those shown in table 
2 for 0.1% decanoic acid) which permitted to get actual preconcentration factors 
around 500.  These results prove that bisphenol-tetrabutylammonium π-cation 
interactions are established and that they constitute a very effective way to improve 
the extraction yields of aromatic compounds.  A 1:0.5:0.5 decanoic 
acid:Bu4NOH:Bu4NBr molar ratio was selected for further studies. 
 
Addition of NaCl over the range 1x10-3-1M or the increase in the extraction 
temperature in the range 20 to 60ºC did not affect bisphenol extraction efficiencies 
or concentration factors. The time necessary to reach equilibrium conditions was 
about 5 min, so this time was recommended for extraction. 
 
Table 4.  Influence of the addition of tetrabutylammonium ions on the mean percent 
recoveries and actual preconcentration factors obtained in the vesicular coacervative 
















aRecovery Standard Deviation, n=3      bActual Preconcentration Factors Decanoic acid: 0.1% 
 
Analyte 
Decanoic Acid:Bu4NOH:Bu4NBr Molar Ratio 
  1:0.5:0.25 1:0.5:0.5 1:0.5:0.75 1:0.5:1 
RSa(%) APFb RSa(%) APFb RSa(%) APFb RSa(%) APFb 
BPA 642 492 741 569 733 561 741 569 
BPF 602 461 733 561 722 554 723 554 
BADGE 573 438 652 500 654 500 662 507 
BFDGE 542 415 622 477 623 477 632 485 
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3.2. Analytical Performance 
 
There is always an inverse relationship between recoveries and theoretical 
concentration factors as a function of surfactant concentration (e.g. Table 3) and, 
usually, the highest actual concentration factors (i.e. the lowest detection limits) are 
achieved under conditions at which recoveries are not quantitative. So, when low 
detection limits are required and recoveries are below 75% (i.e. the threshold 
recovery recommended by the IUPAC for the determination of pollutants in 
environmental samples), calibration curves must be run using the whole procedure, 
i.e. with the same experimental conditions as selected for the analysis of unknown 
water samples.  
 
Under the experimental conditions proposed for the determination of 
bisphenols and their diglycidyl ethers, recoveries for BPA/BPF and BADGE/ 
BFDGE were around 75% and 65%, respectively, in the whole range of 
concentrations tested, with standard deviations in the interval 1-4%. So, calibration 
curves were run using the whole procedure (see section 2.4.2). Actual concentration 
factors were 569, 561, 500 and 477 for BPA, BPF, BADGE and BFGDE, 
respectively.  
 
Quantifications were carried out from the corresponding chromatographic 
peak areas. Correlation between peak areas and bisphenol concentrations (0.5-50 
ng) were determined by linear regression and were in the range 0.990 to 0.996, 
indicating good fits.  Samples containing bisphenols in the range 45 to 4640 ng/L 
can be quantified with this method. The instrumental detection limits were 
calculated from blank determinations by using a signal-to-noise ratio of 3. They 
were estimated to be ~5 μg/L. From this value and considering the actual 
preconcentration  factors, the  detection  limits were   estimated  to be ~9 ng/L for  
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Table 5. Concentrations (g/L)  standard deviation (based on three replicates) and apparent 












































a Spiked sample (0.4 g/L); b Spiked sample (0.1 g/L); nd: non detected 
Sample location BPA BPF BADGE BFDGE 
 
WWTP Influenta 
    
Linares 
 
1.05 0.02 0.85 0.02 0.650  0.001 nd 
993 1012 974 986 
Bailen 
 
1.28 0.03 1.120.02 0.6400.009 nd. 
965 975 993 956 
Lucena 
 
0.990.01 nd 1.150.01 nd. 
993 984 994 966 
Mengibar 
 
1.700.02 0.90 0.01 0.4930.008 0.2110.004 
994 
 




    
    
Linares 
 
0.1920.005 0.1440.003 nd. nd. 
993 1024 967 957 
Bailen 
 
0.263±0.006 0.2140.005 0.2210.007 nd 
992 993 985 986 
Lucena 
 
0.3550.007 nd nd nd 
992 964 993 985 
Mengibar 
 
0.2900.004 0.2100.002 nd nd 
983 983 974 966 
 
   River waterb 
 
    
    
Guadalquivir 
 
0.3170.004 nd nd nd 
982 992 993 983 
Guadajoz 
 
0.1010.002 nd nd nd 
972 963 992 993 
Dos Torres 
 
0.2620.004 nd nd nd 
973 993 992 983 
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BAP and BPF, and ~10 ng/L for BADGE and BFGDE.  The precision of the 
method was evaluated by extracting eleven independent fortified (200 ng/L) water 
samples. Relative standard deviations ranged between 3% and 5% for the target 
compounds. 
 
The influence of matrix components was assessed by comparison of the 
calibration curves obtained from standards in distilled water samples (see Table 1) 
and those obtained from wastewater and river water samples fortified with known 
amounts of bisphenols. In the latter, the slopes of the calibration curves were 32±3, 
37±2, 84±3 and 64±4 L/µg for BPF, BPA, BFDGE and BADGE, respectively. 
The slopes of both types of calibration curves were similar and therefore, matrix 
components were not expected to interfere in the determination of bisphenols and 
their diglycidyl ethers.  
 
3.3. Analysis of environmental water samples 
 
The proposed method proposed was applied to the determination of 
bisphenols in three rivers and four  WWTPs. Table 5 shows the results obtained, 
expressed as the mean value (n=3) and the corresponding standard deviation. 
Apparent recoveries, as defined by the IUPAC [41] (R= x(exp)/x(theor), where x(exp) is 
the value experimentally obtained from the calibration graph and x(theor) is the 
fortified value) were also calculated.  Most of wastewater influents contained high 
amounts of BPA, BPF and BADGE, but BFDGE only was present in one of the 
samples analysed. The amount of target compounds in effluents decreased 
considerably but biological treatment was unable to remove bisphenols completely. 
Only BPA, the most widely used bisphenol, was found in surface environmental 
waters. Apparent recoveries, obtained by fortifying wastewater and river water with  
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Fig.3. LC/fluorescence chromatograms obtained from (A) a standard solution and (B) an 
influent wastewater sample (Bailen’s WWTP in Jaen, Spain); (C) an effluent wastewater 
sample (Lucena’s WWTP in Córdoba, Spain) and (D) a river water sample (Guadalquivir, 
flowing by Córdoba, Spain). 
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bisphenols and their diglycidyl ethers, ranged between 95 and 102%, indicating 
good method recoveries.  
 
Figure 3 shows the chromatograms obtained from a standard solution (A) and 
different environmental water samples (B-D). The selected chromatographic 
conditions permitted the separation of the three isomers corresponding to BFDGE.  
 
Calibration for this pollutant was based on the sum of the peak areas 
corresponding to the three isomers. The relative proportion of BFDGE isomers 
found in the influent wastewater sample from Mengibar´s WWTP (see table 5) was 
different to that of standards (isomer III>isomer II>isomer). Identification of 
analytes in samples was based on retention times and UV spectra, obtained from 
the diode array in line with the fluorescence detector. Also, the presence of analytes 
in some samples was confirmed by MS using APCI in negative mode. No 





Coacervates of decanoic acid vesicles, induced by tetrabutylammonium, have 
proven to be a valuable tool for the simultaneous extraction of bisphenols A and F 
ant their corresponding diglycidyl ethers from sewage and river waters. Extractions 
were based on hydrophobic, hydrogen bond and π-cation interactions between the 
analytes and the vesicular aggregates. Quantitative apparent recoveries were 
obtained for all the samples analyzed indicating the absence of matrix interferences. 
The amount of decanoic acid and tetrabutylammonium used for extraction was of 
primary importance to maximise actual concentration factors, which were around 
500. From a practical point of view, there are different assets associated to the 
method developed here. First, the time to reach extraction equilibrium is about 5 
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min at room temperature and several samples can be simultaneously extracted, so 
sample throughput will be only dependent on the chromatographic analysis of the 
target compounds. Secondly, no special equipment is required for extraction, so the 
method can be applied in routine analysis in labs without extra investment. Thirdly, 
extractions are not dependent on the ionic strength, temperature or matrix 
components, so it is widely applicable and with potential to extract bisphenols from 
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El objetivo central de las investigaciones incluidas en la Memoria de esta Tesis 
Doctoral fue el desarrollo de nuevos disolventes supramoleculares que ampliaran el 
ámbito de aplicación de los mismos en procesos de extracción analítica y 
proporcionaran mejores prestaciones en términos de eficacia de extracción, factores 
de concentración, condiciones de operación y compatibilidad con las técnicas 
cromatográficas y sistemas de detección.   
 
Previamente a estos estudios, los disolventes supramoleculares usados en 
Química Analítica se habían basado casi exclusivamente en el uso de tensioactivos 
no iónicos, fundamentalmente del tipo alquil etoxilados. Éstos se comercializan 
como una mezcla de homólogos y oligómeros y coacervan al incrementarse la 
temperatura de la disolución. El análisis de los extractos de estos disolventes 
mediante cromatografía de líquidos con detección fotométrica y fluorescente 
presentaba muchos problemas de co-elución de los componentes del tensioactivo 
con los analitos de interés, lo que redujo su aplicación al análisis de componentes 
simples o una mezcla reducida de los mismos. Por otro lado, los factores de 
concentración alcanzados eran generalmente muy bajos, la capacidad de los mismos 
para la extracción de sustancias polares o medianamente polares era muy reducida, y 
la necesidad de mantener la temperatura elevada durante todo el proceso de 
extracción dificultaba las operaciones analíticas.  
 
En esta sección se discuten las razones que nos indujeron a la selección de 
ácidos carboxílicos alifáticos para el desarrollo de nuevos disolventes 
supramoleculares, se comentan sus características, prestaciones y ámbitos de 
aplicación en procesos de extracción analítica, y se ofrece una visión general del 
impacto que han tenido estas investigaciones en la comunidad científica. 
 
 




1. Ácidos carboxílicos alifáticos como componentes de los 
disolventes supramoleculares 
Los ácidos carboxílicos presentan una serie de propiedades que los 
convierten en idóneos para la síntesis de disolventes supramoleculares. Entre estas 
propiedades, las siguientes fueron determinantes para nuestra selección de los 
mismos como componentes de los disolventes supramoleculares que pretendíamos 
desarrollar:  
 
1. Son biomoléculas orgánicas muy abundantes en la naturaleza.  
2. Son inocuos, lo que permite la implementación de procesos que se adaptan 
a los principios de la química verde.  
3. Están disponibles en un amplio intervalo de longitudes de cadenas 
hidrocarbonadas, que pueden ser saturadas o insaturadas, así como de 
número de grupos carboxílicos.  
4. Ofrecen diferentes tipos de interacciones para solubilización de los solutos 
(van der Waals en la cadena hidrocarbonada y puentes de hidrógeno e 
interacciones polares en el grupo carboxílico). Pueden por tanto establecer 
mecanismos mixtos de interacción, lo que facilita la extracción eficiente de 
solutos en un amplio intervalo de polaridad.  
5. Experimentan fenómenos espontáneos de autoensamblaje, formando 
diferentes estructuras en función del pH de la disolución.  
 
En la Figura 1A se muestran las estructuras formadas en una disolución 
acuosa de ácido oleico en función del grado de protonación del mismo.  La forma 
protonada es inmiscible con agua y por tanto se separa de ella como una fase 
aceitosa de menor densidad. Cuando el grado de protonación es cercano a 0.5 se 
forman vesículas constituidas por la mezcla de ácido carboxílico y carboxilato. Las 
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micelas son las especies dominantes cuando en la disolución predomina la 
















Figura 1. A) Curva de valoración para una disolución acuosa de ácido oleico/oleato de sodio 
(80 mM). Se indican las regiones para la formación de micelas, vesículas y gotitas de aceite. B) 
Imagen de microscopía electrónica de vesículas preparadas con 80 mM de ácido 2-
metildodecanoico en disolución reguladora 40 mM de Tris/HCl a pH 8,0. Longitud de la barra: 
100 nm. C) Crio-microscopía electrónica de transmisión de vesículas de ácido decanoico en 
disolución reguladora de fosfato de sodio 100 mM a pH 7,0. Longitud de la barra: 100 nm.  
 
La formación de vesículas de ácidos carboxílicos alifáticos, tales como el ácido 
oleico y linoleico,  se estudió por vez primera en 1973 por Gębicki y Hicks [1]. A 
estas vesículas se les denominó  "ufasomes" que significa "liposomas de ácidos 
grasos insaturados". Posteriormente se demostró que los ácidos grasos saturados,  




tales como el ácido octanoico y decanoico, también formaban vesículas.  
Comparadas con los liposomas, las vesículas de mezclas de ácidos 
carboxílicos/carboxilatos son más dinámicas, al estar constituidas por moléculas de 
cadena simple,  y además, la concentración de monómeros libres en el equilibrio es 
mayor. 
 
La formación de vesículas de ácidos grasos está restringida al intervalo de pH 
donde aproximadamente la mitad de los grupos carboxílicos se ionizan (7- 9). Este 
intervalo varía dependiendo de la estructura química de los ácidos carboxílicos. Así, 
al aumentar la longitud de la cadena hidrocarbonada, las vesículas pueden formarse 
a valores de pH superiores, ya que las moléculas pueden empaquetarse con más 
fuerza en la membrana. Es importante señalar que el valor del pH en la superficie 
de la membrana será diferente al pH medido en el seno de la disolución. Las figuras 
2B y 2C muestran micrografías electrónicas de vesículas unilamelares formadas a 
partir de ácido 2-metil dodecanoico y ácido decanoico, respectivamente.  
 
La concentración de agregación crítica para la formación de micelas en 
disoluciones acuosas de carboxilatos depende, entre otros factores, de la longitud de 
la cadena hidrocarbonada de los mismos. En la Figura 2 se muestra esta 
dependencia. La cac varía desde 20 µM  para el ácido oleico, a 40 mM para el ácido 
decanoico y 250 mM para el ácido octanoico. 
 
De acuerdo a la curva de valoración mostrada en la figura 1A, decidimos 
explorar la formación de disolventes supramoleculares a partir de ácidos 
carboxílicos y mezclas de ácidos carboxílicos/carboxilatos. La región de formación 
de micelas de carboxilatos fue en principio descartada dado que se requiere trabajar 
a valores de pH superiores a 9.5-10, e incluso valores mayores para los carboxilatos 
de longitud de cadena hidrocarbonada más larga ya que las vesículas son más 
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estables y se amplía el intervalo de pH para su existencia. La región básica no es a 
priori adecuada para la extracción de solutos a partir de una gran variedad de 
muestras (e.g. ambientales, biológicas, etc) dado que frecuentemente se producen 











Figura 2. Variación de la concentración de agregación crítica de alquil carboxilatos en 
función de la longitud de la cadena hidrocarbonada.  
 
Para la formación de disolventes supramoleculares a partir de la forma 
protonada de los ácidos carboxílicos, dado que éstos son insolubles en agua, se 
investigó la agregación de los mismos en disolventes orgánicos miscibles en agua, 
tanto de carácter prótico como aprótico. Una vez demostrada la formación de 
agregados en los distintos disolventes orgánicos estudiados, provocamos el 
crecimiento de los mismos mediante la adición de agua, lo que indujo el proceso 
espontáneo de coacervación. Este fue el primer disolvente supramolecular obtenido 
a partir de moléculas anfifílicas de bajo peso molecular en mezclas de disolventes 
miscibles. Previamente, esta estrategia se había descrito para macromoléculas. El 
valor del pH para la formación de estos disolventes debe ser inferior a 4 (el pKa de 
los ácidos carboxílicos alifáticos es aproximadamente 4.75). 




Para inducir el crecimiento de los agregados en las disoluciones acuosas de  
vesículas de ácidos carboxílicos/carboxilatos, dado que éstas tienen carga negativa y 
por lo tanto es la repulsión entre estas cargas la que detienen el proceso de 
agregación, se investigó la neutralización de las mismas mediante la adición de 
cationes a la disolución.  Desarrollos recientes en ese momento, relacionados con el 
efecto del tamaño y tipo de contraiones en los procesos de autoensamblaje, nos 
ilustraron para la selección de cationes voluminosos, con un grado bajo de 
hidratación, tales como las sales de amonio cuaternario. La interacción de estos 
iones con los grupos carboxilatos es muy energética y la coacervación de la mezcla 
ácido carboxílico/carboxilato es inmediata y espontánea. Este fue el primer 
disolvente supramolecular obtenido a partir de agregados vesiculares que se 
describió en la bibliografía científica. 
 
2. Características, prestaciones y ámbitos de aplicación 
de los disolventes supramoleculares investigados 
En este apartado discutiremos los aspectos derivados de los resultados 
obtenidos, que a nuestro juicio, son más relevantes. Para ello, enfocaremos nuestra 
discusión sobre las características de los SUPRAS sintetizados, las propiedades 
extractivas de los mismos y ámbitos de aplicación. 
 
2.1. Características de los SUPRAS desarrollados 
El autoensamblaje de compuestos anfifílicos posee un gran potencial para la 
síntesis de disolventes con características programadas para que cumplan funciones 
específicas. El desarrollo de la Química Supramolecular en las dos últimas décadas 
ha permitido profundizar en aspectos básicos del autoensamblaje pero 
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prácticamente todos los estudios se han dirigido a la obtención de nanomateriales y 
apenas se ha prestado atención al desarrollo de disolventes funcionales.  
 
En las investigaciones realizadas en esta Tesis Doctoral se han desarrollado dos 
nuevos tipos de disolventes supramoleculares a partir de micelas inversas de ácidos 
carboxílicos alifáticos y vesículas de mezclas equimoleculares de ácidos 
carboxílicos/carboxilatos, respectivamente.  Como se ha comentado previamente, 
las moléculas anfifílicas seleccionadas para la síntesis de los disolventes 
supramoleculares fueron ácidos carboxílicos alifáticos de 8 a 18 átomos de carbono 
debido a su inocuidad, amplia disponibilidad, la posibilidad de ofrecer mecanismos 
mixtos de interacción con los solutos y facilidad de agregación.  
 
Con el objeto de obtener el disolvente supramolecular a partir de una 
disolución coloidal del ácido carboxílico o ácido carboxílico/carboxilato es 
necesario establecer las condiciones ambientales adecuadas para que se favorezca la 
interacción soluto-soluto en detrimento de la interacción soluto-disolvente. De esta 
forma, se produce el crecimiento de los agregados y cuando su densidad es diferente 
a la de la disolución coloidal, se produce la coacervación. La fase coacervada es a la 
que se denomina disolvente supramolecular.  
 
Para favorecer la interacción soluto-soluto en disoluciones acuosas vesiculares 
de ácidos carboxílicos-carboxilatos debe neutralizarse la carga del carboxilato. La 
adición de sales tales como NaCl, KCl, etc no consideramos que fuera adecuada 
puesto que estudios previos realizados por diferentes autores habían demostrado 
que la formación de vesículas acusosas de ácidos carboxílicos-carboxilatos se inhibe 
en presencia de estas sales. Ensayamos por tanto sales de amonio cuaternario y 
seleccionamos Bu4N
+como el agente coacervante idóneo para la formación de este 
tipo de SUPRAS.  Comprobamos que el anión de la sal de Bu4N
+ influía en el 




volumen de SUPRAS obtenido (Bu4NAc> Bu4NCl> Bu4NBr) reduciéndose el 
mismo a medida que aumentaba la concentración de sal. Para las concentraciones 
más elevadas de sal investigadas (1 M) se observó precipitación en la disolución 
coloidal. Por tanto, decidimos investigar el proceso de coacervación mezclando 
ácido carboxílico y Bu4NOH. De esta forma se obtiene el carboxilato y se 
proporciona el agente coacervante sin introducir contraiones en la disolución de 
síntesis del SUPRAS. Esta estrategia permitió obtener SUPRAS en condiciones 
idóneas para todo el intervalo de ácidos carboxílicos investigados. Es importante 
señalar que una vez producido el SUPRAS, la concentración de sal apenas afecta a 
la estabilidad del mismo.  
 
En el caso de disolventes supramoleculares formados a partir de ácidos 
carboxílicos alifáticos, el mecanismo más probable para la coacervación tiene lugar 
en dos etapas. En la primera, los ácidos carboxílicos, que son inmiscibles en agua, 
deben disolverse en un disolvente orgánico. En nuestras investigaciones, después de 
un amplio estudio con muy diferentes tipos de disolventes próticos y apróticos 
miscibles con agua, seleccionamos THF por las razones que se explican 
detalladamente en el capítulo 2 de esta Memoria. Mediante el uso de sondas 
fluorescentes hidrofílicas demostramos que los ácidos carboxílicos forman 
agregados inversos en THF con concentraciones de agregación críticas secuenciales 
como es habitual en micelas inversas. Cuando a esta disolución se le adiciona agua, 
las interacción THF-agua es más energética que la interacción ácido carboxílico-
THF. Por lo tanto, se favorece la desolvatación de las moléculas de ácido 
carboxílico y como resultado se produce un incremento muy importante del estado 
de agregación de las mismas que conduce a la coacervación. La eficacia de la 
desolvatación que el agua provoca en los ácidos carboxílicos aumenta cuando lo 
hace la longitud de cadena del ácido, es decir, será necesario menos volumen de 
agua para la coacervación. Así, se prefieren los ácidos carboxílicos de cadena más 
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corta para aplicaciones analíticas, porque estos pueden obtenerse a partir de 









Figure 3. Microfotografía obtenidas mediante (A) Microscopia óptica (campo brillante) and (B) 
electrónica correspondiente a coacervados obtenidos a partir de mezclas  0.15 M/0.075 M 
ácido carboxílico/Bu4NOH. (A) octanoico; (B) decanoico. La barra en (B) representa 0.12 µm. 
 
Un aspecto a considerar es que los agregados supramoleculares nunca forman 
una fase continua en el SUPRAS sino que éstos se distribuyen en las gotitas de 
coacervados cuya entidad se mantiene independiente. El hecho de que el SUPRAS 
sea en realidad una mezcla de gotitas de coacervado cuyo tamaño es del orden de 
µm es muy interesante para su aplicación en procesos de extracción puesto que el 
área superficial para interacción con los solutos es muy elevada y esto que facilita la 
transferencia de fase de los mismos. De esta forma, los equilibrios de extracción se 
alcanzan, por lo general, muy rápidamente. En las figuras 3 y 4 se muestran las 
gotitas de coacervado que constituyen los SUPRAS obtenidos a partir de vesículas 
(Fig. 3) y micelas inversas de ácidos carboxílicos (Fig. 4).    
 
Entre las características de los SUPRAS investigados, las propiedades que más 
nos interesan desde el punto de vista de su aplicación en procesos de extracción son 
el tipo de interacciones que ofrecen para solubilización de los solutos, el volumen 




de SUPRAS formado en las condiciones experimentales seleccionadas y la 
concentración de compuestos anfifílicos en el SUPRAS por unidad de volumen, lo 










Figure 4. Microfotografía obtenida mediante microscopia óptica (campo brillante) 
correspondiente a SUPRAS de micelas inversas de ácido octanoico. La barra representa 10 µm. 
 
En relación a las interacciones que ofrecen para solubilización de solutos, los 
dos tipos de SUPRAS aquí investigados permiten el establecimiento de mecanismos 
mixtos de interacción. Así, éstos presentan una región hidrófoba para la 
solubilización de compuestos apolares mediante interacciones de dispersión y una 
región polar en la que pueden establecerse puentes de hidrógeno e interacciones 
dipolo-dipolo, y en el caso de las vesículas, interacciones π-catión si el soluto tiene 
en su estructura un anillo aromático.   
 
En general, el volumen de SUPRAS obtenido depende linealmente de la 
cantidad de anfifilo en la disolución coloidal, al menos para las concentraciones que 
se usan en procesos de extracción analítica (<10%). La dependencia lineal significa 
que la composición del SUPRAS se mantiene constante para unas condiciones de 
síntesis específicas. El valor de la pendiente de la relación lineal nos proporciona el 
                                                          Resumen y discusión de los resultados 
 
-199- 
volumen de SUPRAS obtenido (µL)  por mg de agente tensioactivo. Así, los 
factores de concentración máximos en procesos de extracción analítica se 


















Figure 5. (B) Variación de la relación de volúmenes de fase (Vcoacervado/Vfase acuosa) (1) y la 
concentración de ácido decanoico que queda en la fase acuosa, después de la coacervación (2) 
como una función de la relación molar decanoato/ácido decanoico; [ácido decanoico + 
decanoato] ) 0.15 M. 
 
En el caso de los SUPRAS constituidos por vesículas, el volumen de 
coacervado obtenido depende de la relación molar ácido carboxílico/carboxilato. 








































a medida que  la relación molar ácido carboxílico/carboxilato se aleja de 1 (ej. curva 
1 en la Figura 5). Cuando se investiga la concentración de ácido carboxílico-
carboxilato que queda en el medio acuoso (curva 2, Fig. 5) se observa que la 
dependencia es justo la opuesta,  la concentración máxima se alcanza para la 
relación molar ácido carboxílico/carboxilato  de 1. Estos resultados sugieren que la 
disminución de volumen en la curva 1 (Figura 5) es debida a la formación menos 
favorable de vesículas en disolución acuosa cuando el número de enlaces RCOO-
HOOCR disminuye [2].  De este modo, se recomiendan cantidades 
estequiométricas de ácido carboxílico y carboxilato para procesos de extracción 
basados en estos SUPRAS. 
 
Si consideramos los SUPRAS formados por la mezcla ternaria ácido 
carboxílico/THF/agua, el volumen obtenido depende linealmente de la cantidad de 
ácido carboxílico utilizado para la síntesis, como ocurre para la mayoría de los 
SUPRAS. Sin embargo, las condiciones ambientales en las que se lleva a cabo la 
síntesis también influyen de forma decisiva en el volumen de SUPRAS producido 
en la misma. Así, el volumen de coacervado aumenta exponencialmente a medida 
que incrementamos el porcentaje de THF en la disolución. Por ejemplo, la ecuación 
que predice el volumen obtenido de SUPRAS para 100 mg de ácido decanoico en 
función del porcentaje de THF es: 
 
y = 116,16 e0.0448X  
 
donde y es el volumen del coacervado en µl y X es el porcentaje de THF.  
 
Para conocer la razón de esta dependencia, se determinó la cantidad de ácido 
decanoico incorporada al SUPRAS como una función del porcentaje de THF 
utilizado en la síntesis. La Figura 6 muestra los resultados que se obtuvieron para 
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una cantidad inicial de ácido decanoico en disolución de 100 mg. El aumento del 
volumen de coacervado para porcentajes bajos de THF (por ejemplo, inferior a 
10%) se debe principalmente a la incorporación progresiva de ácido decanoico en el 
coacervado a partir de la disolución de equilibrio. La cantidad de ácido decanoico en 
el coacervado se mantuvo constante a porcentajes más elevados de THF, por lo que 
un mayor aumento en el volumen del SUPRAS a estos porcentajes se debe a la 
incorporación de THF al mismo. Como consecuencia, la composición del SUPRAS 











Figura 6. Variación de la cantidad de ácido decanoico presente en el coacervado en función 
del porcentaje de tetrahidrofurano adicionado a la disolución. Ácido decanoico : 100 mg. 
 
Los valores de las pendientes de la relación lineal entre el volumen de SUPRAS 
y la cantidad de ácido carboxílico fue de 1 mg/µL para SUPRAS vesiculares y varió 
entre  0,25-0,75 mg/µL para SUPRAS de micelas inversas obtenidos a diferentes 
porcentajes de THF. El empaquetamiento de moléculas anfifílicas es 
considerablemente mayor en estos SUPRAS que en los obtenidos a partir de 
tensioactivos no iónicos de tipo alquil etoxilados (0.09 mg/µL) o las micelas 



































SUPRAS aquí descritos proporcionan un elevado número de  centros de unión para 
solubilización de los solutos. 
 
2.2 Propiedades extractivas y ámbitos de aplicación 
Un buen conocimiento de las posibles interacciones que pueden establecerse 
entre los analitos y los extractantes es esencial para el desarrollo de sistemas 
eficientes de extracción. Como se ha discutido en el apartado anterior, los dos tipos 
de SUPRAS pueden establecer mecanismos mixtos de  interacción mixtos para los 
solutos y por tanto, tienen el potencial de extraer simultáneamente una amplia 
variedad de compuestos de diferente estructura.  
 
En la tabla 1 se muestran los porcentajes de recuperación obtenidos para 
SUPRAS vesiculares de ácido decanoico y de micelas inversas de ácido octanoico 
para diferentes compuestos agrupados de acuerdo a los tipos de interacción 
SUPRAS-soluto que pueden establecerse.  
 
La extracción de compuestos apolares se lleva a cabo con elevada eficiencia por 
ambos tipos de SUPRAS debido a las interacciones de dispersión que se establecen  
entre el soluto y la cadena hidrocarbonada del ácido carboxílico. Esta es una 
propiedad general de los SUPRAS y por tanto, la ventaja más importante de usar los 
SUPRAS aquí descritos con respecto a los tradicionalmente usados es los mayores 
factores de concentración que se alcanzan. 
 
La extracción de compuestos anfifílicos mediante la formación de agregados 
mixtos es uno de los aspectos de mayor interés dentro del ámbito de aplicación de 
los SUPRAS. Es de resaltar el elevado porcentaje de recuperación obtenido para el 
tensioactivo no iónico Triton X-100 con ambos tipos de disolventes.  Triton X-100  
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Tabla 1. Porcentaje de recuperación y desviación estándar  obtenida para diferentes 


























a [Ácido Decanoico] = 3% [Bu4NOH] (M)/[Ácido Decanoico] (M) = 0.5, Temperatura Ambiente, 











± S (%) 
aRecuperación 
± S (%) 
 
       
 Hidrofóbico Naftaleno 3.9 x 10-5 99 ± 3 95 ± 2  
  Antraceno 2.8 x 10-5      101 ± 2        98 ± 1  
  Pireno 2.5 x 10-5        99 ± 1      100 ± 2  
  Benzo(a) Pireno 2.0 x 10-5      100 ± 3        97 ± 1  





2.9 x 10-5 100 ± 2 5 ± 1  
 agregados 
mixtos 
Triton X-100 8.3 x 10-5 99 ± 1 98 ± 3  
  Bencidimetildodecil- 
amonio brimuro 
3.9 x 10-5 81 ± 2 --  
  Bencidimetiltetradecil- 
Amonio cloruro 
4.5 x 10-5 80 ± 2 --  
       
 Enlaces de  4-Clorofenol 3.9 x 10-5 95 ± 1 97 ± 2  
 hidrógeno 2,4- Diclorofenol 3.1 x 10-5 100 ± 1 99 ± 1  
  2,4,6-Triclorofenol 2.6 x 10-5 98 ± 2 101 ± 1  
  2,3,4,6-Tetraclorofenol 2.1 x 10-5 100 ± 1 98 ± 2  
  Pentaclorofenol 1.9 x 10-5 100 ± 2 101 ± 1  
  Bisfenol A 3.8 x 10-5 99 ± 3 95 ± 3  
  Bisfenol F 3.6 x 10-5 100 ± 2 97 ± 1  
  Bencilbutil Ftalato 5.1 x 10-5 80 ± 3 99 ± 1  
  Dibutil Ftalato 4.8 x 10-5 85 ± 4 100 ± 1  
  Paration 4.7 x 10-5 90 ± 2 96 ± 2  
  Atrazina 1.2 x 10-4 98 ± 4 95 ± 4  
  Naftilamina 3.5 x 10-5 83 ± 3 --  
  Ácido 4-Cloro-2- 
Metilfenoxi Acético  
1.1 x 10-4 --         83 ± 3  
  Ácido 4-Cloro-2- 
Metilfenoxi 
Propanoico  
1.1 x 10-6 --         85 ± 2  
  Disperse Orange 13 3.54 x 10-6 --        98 ± 3  
       
 Iónico Coomassie Brilliant      
  Blue G 7.3 x 10-7 100 ± 4 --  
  Ácido 
Hidroquinonasulfonico  
5.2 x 10-5 95 ± 3 95 ± 3  









puede formar puentes de hidrógeno con los ácidos carboxílicos (RCOO-...HOR), 
además de interacciones hidrófobas,   y esta es una de las principales razones de la 
gran estabilidad de las vesículas de ácidos carboxílicos en presencia de alcoholes de 
cadena larga [3]. En relación a los tensioactivos iónicos, los SUPRAS vesiculares 
pueden extraer tanto tensioactivos catiónicos como aniónicos (Tabla 1) debido a las 
interacciones iónicas que se establecen entre los grupos polares. Sin embargo, la 
capacidad de extracción de los mismos con SUPRAS constituidos por micelas 
inversas es muy baja o nula (ver porcentaje de recuperación para alquil benceno 
sulfónico en la Tabla 1). La capacidad de extracción diferencial de los tensioactivos 
iónicos y no iónicos mostrada por los SUPRAS de micelas inversas, es muy valiosa 
para la determinación de tensioactivos no iónicos en  aguas residuales. 
 
Quizás el tipo de interacción que más amplia el ámbito de aplicación de los 
SUPRAS vesiculares y de micelas inversas son los puentes de hidrógeno que ambos 
pueden establecer con los solutos. Por lo tanto, tienen el potencial para extraer 
compuestos tales como alcoholes, cetonas, aldehídos, ácidos, éteres, fenoles, ésteres, 
etc. en un amplio intervalo de polaridad. En la tabla 1 se muestra el porcentaje de 
recuperación obtenido para algunos compuestos seleccionados como modelos. Los 
coeficientes de partición octanol-agua (log Kow) para estos compuestos varían desde 
1.7 hasta 5.9. Los resultados obtenidos para los compuestos más polares (por 
ejemplo, 4-clorofenol, atrazina, naftilamina, y bisfenol F, con valores de log Kow 
inferiores a 2.5) muestran que éstos se pueden extraer eficientemente con ambos 
tipos de SUPRAS.  
 
Los SUPRAS vesiculares también tienen el potencial para extraer compuestos 
catiónicos y aniónicos por interacciones iónicas con los componentes del grupo 
polar (carboxilato y tetrabutilamonio). La Tabla 1 muestra los elevados 
rendimientos de extracción que se obtienen para compuestos con grupos sulfónicos 
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(el pKa por lo general oscila entre -1 y -4), tales como el ácido hidroquinona 
sulfónico.  También se extraen eficazmente compuestos con grupos funcionales que 
tienen carga permanente (por ejemplo, Azul Brillante de Coomassie tiene grupos 
amonio en su estructura). Sin embargo, las sales de amonio cuaternario tales como 
el herbicida difenzoquat (log Kow = 0.238) no compiten  de manera eficaz con los 
iones de tetrabutilamonio en su interacción con el grupo carboxilato. Otros 
herbicidas polares como diquat (log Kow = -4,6) tampoco se extraen.  
 
Además de proporcionar elevados rendimientos de extracción un buen 
extractante debe proporcionar elevados factores de concentración. La tabla 2 
muestra los factores de concentración teóricos para vesículas constituidas por 
ácidos octanoico, decanoico dodecanoico y tetradecanoico en función de la 
concentración de los mismos.  Estos factores son muy similares para octanoico y 
decanoico, aunque ligeramente mayores  para el último. Los factores de 
concentración disminuyen cuando aumenta la longitud de la cadena 
hidrocarbonada.  
 
Cuando se utilizan SUPRAS de micelas inversas, el factor de concentración 
teórico  disminuye al incrementarse la concentración de ácido carboxílico y  THF y 
la longitud de la cadena hidrocarbonada. Como se muestra en la tabla 2, los valores 
máximos de concentración teóricos que pueden alcanzarse son muy similares a los 
obtenidos para los SUPRAS vesiculares. La pendiente de la dependencia lineal entre 
la cantidad de ácido decanoico y el volumen de coacervado obtenido para el 
SUPRAS de micelas inversas es de 1.5 ± 0.1 µl/mg, utilizando 10% de THF. 
Comparativamente, el volumen para otros coacervados basados en micelas acuosas 
es mayor (por ejemplo, alrededor de 5,1 µl/mg para ácido dodecanosulfónico y 11,3 
µl/mg para Triton X-114) y por tanto se alcanzarán factores de concentración 
mayores para los SUPRAS de micelas inversas (por ejemplo, los factores de 




concentración teóricos para 0.1% de ácido decanoico, ácido dodecanosulfónico, y 
Triton X-114 son 666, 196 y 88, respectivamente).  
 
Tabla 2. Factores de preconcentración teóricos  obtenidos para disolventes 
supramoleculares obtenidos a partir de micelas inversas o vesículas de ácidos 














En relación al ámbito de aplicación de los SUPRAS aquí desarrollados, las 
investigaciones llevadas a cabo han demostrado que pueden utilizarse para la 
extracción de multicomponentes en muestras complejas. Así se han aplicado a la 
extracción de tensioactivos no iónicos y bisfenoles en aguas residuales, tanto 
influentes como efluentes, y en aguas de río. Los extractos obtenidos se analizaron 
 
Disolvente 
Supramolecular   Surfactante 
Condiciones experimentales 
para separación de fases 
Concentración de 
surfactante           
(% W/V) 
        Factor de             
concentración 
       teórico 
  E             
Micelas inversas de Ácido octanoico 10 (%, v/v) THF      0.1           666 
Ácidos               0.2           333 
Alquilcarboxilicos               0.4           166 
               0.7            95 
               1.0            66 
 Ácido decanoico 5 (%, v/v) THF      0.2 362 
        1.0           72 
           15 (%, v/v) THF      0.2 200 
       1.0            40 
Vesiculas de Ácido octanoico      [Bu4 NOH]/[Surfactant.] = 0.5      0.05 666 
Ácidos         0.1 400 
Alquilcarboxílicos               0.2            285 
        0.4                                          188 
        0.6 113 
        1.0           50 
        Ácido decanoico       0.05 666 
        0.1 400 
        0.2 285 
        0.4 227 
        0.6 161 
        1.0           69 
        Ácido dodecanoico       0.1 277 
        1.0          51 
        Ácido tetradecanoico       0.1 208 
        1.0           73 
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directamente mediante cromatografía de líquidos acoplada a detección fluorescente 
y espectrometría de masas. 
 
3. Impacto de las investigaciones desarrolladas 
El tiempo transcurrido entre la publicación de los resultados obtenidos en el 
marco de esta Tesis Doctoral y la defensa de la misma permite evaluar el impacto de 
las investigaciones que en su día se  realizaron. El número de citas recibidas hasta la 
fecha para las publicaciones relativas a los SUPRAS de micelas inversas y vesículas 
son 63 y 61, respectivamente. La revisión de las publicaciones científicas basadas en 
los dos tipos de SUPRAS aquí desarrollados (vesiculares y de micelas inversas) 
permite afirmar que éstos han extendido el ámbito de aplicación de los SUPRAS a 
una amplia variedad de compuestos orgánicos en muy diferentes tipos de matrices 
(ambientales, alimenticias, biológicas, etc) así como su uso en diferentes formatos de 
extracción. Estas investigaciones se han llevado a cabo por miembros de nuestro 
grupo de investigación, investigadores extranjeros que han realizado estancias en 
nuestro grupo, o grupos de investigación extranjeros.  
 
Los SUPRASs formados por vesículas de ácido carboxílico, se han aplicado a la 
extracción de plaguicidas [4], difenilamina [5], PAHs [6], benzodiacepinas [7] y 
micotoxinas [8] en alimentos; plaguicidas [9], clorofenoles [10], triazinas [11], orange 
II [12], parabenos [13], benzodiacepinas [7] y anilinas halogenadas [14] en muestras 
medioambientales y warfarina [15] y benzodiacepinas [7] en muestras biológicas. Las 
características analíticas de algunos de estos métodos se muestran en la tabla 3. En 
todos los casos se han utilizado SUPRAS constituidas por vesículas de ácido 
decanoico formadas por adición de Bu4NOH en una relación molar C10/Bu4NOH  
igual a 2. De esta forma se produce la mezcla decanoico-decanoato  































Tabla 3. Aplicaciones de SUPRASs de vesículas de ácidos alquilcarboxílicos a la 
extracción de compuestos orgánicos en procesos analíticos 
Analito Muestra 
Tensioactivo (%)/ 





(Rs, %)  y límites de 
detección (LOD) y 
cuantificación (LOQ) 
 
     
Pesticidas 
 
Agua de río 
o pozo 
Vesículas de 1:1 ácido decanoico: 
decanoato/0.5 % w/v 
Tetrabutilamonio (TBA+)/ 
molar ratio C10:TBA+  2:1 
CL-FL  
FCTs: 160-190 
Rs:  75-102 
LODs: 0.1–32 ng L-1 
9 
    
Frutas  
 
Vesículas de 1:1 ácido decanoico: 
decanoato/2 % w/v 
Tetrabutilamonio (TBA+)/ 
molar ratio C10:TBA+  2:1 
 
CL-FL  
Rs:  93-102 
LODs: 0.03-14.0 µg Kg-1 
4 
PAHs Alimentos Vesículas de 1:1 ácido decanoico: 
decanoato/0.5 % w/v 
Tetrabutilamonio (TBA+)/ 
molar ratio C8:TBA+  2:1 
CL-FL 
Rs:  92-103 
LOQ: 0.3–0.7 µg Kg-1 
6 





Vesículas de 1:1 ácido decanoico: 
decanoato/0.5 % w/v 
Tetrabutilamonio (TBA+)/ 
molar ratio C10:TBA+  2:1 
Cl-UV 
Rs: 79-106 
LODs: 0.1-0.3 µg L-1 
10 
     
Ocratoxina A Pasas Vesículas de 1:1 ácido decanoico: 
decanoato/0.5 % w/v 
Tetrabutilamonio (TBA+)/ 
molar ratio C10:TBA+  2:1 
CL-FL  
Rs:  95-101 
LOQ: 5.3 µg Kg-1 
8 
     
Warfarina Muestras 
biológicas 
Vesículas de 1:1 ácido decanoico: 
decanoato/0.5 % w/v 
Tetrabutilamonio (TBA+)/ 
molar ratio C10:TBA+  2:1 
CL-UV  
Rs:  92-97 
LODs: 0.4–14.5 ng mL-1 
15 
     
Triazinas  Agua Vesículas de 1:1 ácido decanoico: 
decanoato/0.5 % w/v 
Tetrabutilamonio (TBA+)/ 
molar ratio C10:TBA+  2:1 
CL-UV  
FCTs: 285-421 
LODs: 0.5 µg L-1 
11 
     
Parabenos Agua 
Cosméticos 
Vesículas de 1:1 ácido decanoico: 
decanoato/0.5 % w/v 
Tetrabutilamonio (TBA+)/ 





     
 
Abreviaturas:  SUPRASs, disolvente supramolecular (supramolecular solvent);CL , cromatografía 
de líquidos; FL, detección con fluorescencia; FIA, análisis por inyección en flujo (flow injection 
analysis); UV, detección ultravioleta; CG,cromatografía de gases, FPD, fotometría de llama, 
(flame photometry detection); Vis, detección en el visible; ESI(-), ionización por electrospray, 
modo negativo; EM, espectrometría de masas; TI, trampa iónica; APCI(+), ionización química a 
presión atmosférica (atmospheric pressure chemical ionization), modo positivo; MALDI, 
desorción/ionización con láser asistida por la matriz (matrix-assisted laser desorption); TOF, 
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en cantidades equimoleculares. El análisis de los extractos se realizó en todos los 
casos mediante cromatografía de líquidos acoplada a detectores ultravioleta o 
fluorescentes. Las recuperaciones obtenidas fueron en todos los casos cuantitativas 
y los factores de concentración estuvieron en el intervalo 81-421.  
 
Los SUPRASs formados por micelas inversas de ácidos carboxílicos descritos 
en esta Memoria se han aplicado a la extracción de una amplia variedad de analitos 
(PAHs [16,17,18,19], compuestos bioactivos [20,21], colorantes [22,23,24,25,26],  
alteradores  endocrinos [16,27,28,29,30,31,32],  micotoxinas [33,34], 
fármacos[35,36,37,38,39,40], especies inorgánicas [41,42,43,44,45,46] herbicidas y 
plaguicidas[47,48,49,50,51], ftalatos [52,53] y sustancias perfluoroalquiladas [54]) en 
muestras ambientales (aguas naturales y residuales y suelos), agroalimentarias 
(alimentos con alto y bajo contenido en grasas, alimentos enlatados, salsas, verduras, 
frutas, bebidas, etc.) y muestras biológicas (plasma y orina). En la tabla 4 se 
muestran las características analíticas de algunos de estos métodos. El ácido 
carboxílico más utilizado ha sido el decanoico. Las recuperaciones fueron siempre 
cuantitativas y los extractos se analizaron mediante cromatografía de líquidos a 
detección UV, fluorescente y espectrometría de masas. Los metales se determinaron 
mediante absorción atómica. Los factores de preconcentración variaron entre 58 y 
736.   
 
Los formatos de extracción más utilizados con los SUPRAS vesiculares y de 
micelas inversas han sido los convencionales; formación in situ del SUPRAS para la 
extracción de muestras líquidas y sólidas o formación ex situ y adición de un 
volumen determinado de SUPRAS a la muestra sólida [6,9,23,38]. Sin embargo, 
también se han explorado otros formatos de extracción.  
 
 

































Tabla 4. Aplicaciones de SUPRASs de micelas inversas de ácidos alquilcarboxílicos a 
la extracción de compuestos orgánicos en procesos analíticos 
Analito Muestra 
Tensioactivo (%)/ 





(Rs, %)  y límites de 








Micelas inversas de ácido 
decanoico in THF/H2O/ 












Micelas inversas de ácido 
decanoico in THF/H2O/ 
 0.5% (w/v) 




LODs: 4.2, 2.7, 








Micelas inversas de ácido 
decanoico in THF/H2O / 
0.5% w/v 












Micelas inversas de ácido 
decanoico in THF/H2O/ 
 500 µL 
 
CL-FL 
Rs:  91-105 
LODs 0.14-0.32 ng mL-1: 




Micelas inversas de ácido 
decanoico in THF/H2O / 
1% w/v 
Contenido en agua en orina diluida 
(~0.79 g mL-1,  pH 3) 
CL-FL 
FCT: : ~42 
Rs: 88-95 
LOD: 197 ng L-1 
 
29 
     
Ocratoxina A Vino  Micelas inversas de ácido 
decanoico in THF/H2O / 
0.5% w/v 
Contenido en agua en muestra 





LODs: 4.5 ng L-1,15 ng L-1 
 
33 
Fármacos Aguas  
residuales 
Micelas inversas de ácido 
decanoico in THF/H2O/ 
 100 µL 




Rs:  97-103 




Micelas inversas de ácido 
decanoico in THF/H2O/ 
60 µL 





Rs:  94-107 




Micelas inversas de ácido 
decanoico in THF/H2O/ 





Rs:  89-101 
LODs: 0.05-0,11 mg Kg-1 
 
48 
Ftalatos Agua de rio 
potable y 
de mar 
Micelas inversas de ácido 
decanoico in THF/H2O/ 
(36 ml de disolución, pH=2, 4 ml 
THF 100 mg DeA) 
CL-UV 
FCT: 187-202 
Rs:  87-94 
LODs: 0.22 - 0.30 µg L-1 
52 
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Así, los SUPRAS vesiculares se han empleado en el formato de extracción en 
una gota (single-drop microextraction, SDME) [10]. La formación de gotas esféricas 
y estables de SUPRAS en la punta de microjeringas convencionales depende del 
tipo de fuerzas intermoleculares que se establecen entre las cabezas polares del 
tensioactivo. Los puentes de hidrógeno son suficientemente estables para permitir la 
formación de gotas esféricas y así, los SUPRASs compuestos de ácidos carboxílicos 
son ideales para esta aplicación. El uso de SUPRASs en SDME constituye una 
alternativa ventajosa al uso de disolventes orgánicos convencionales en aplicaciones 
en las que los analitos son polares o cuando la determinación posterior de los 
mismos se realiza mediante cromatografía de líquidos.   
 
Otro formato investigado con SUPRAS vesiculares es la  microextracción en 
fibra hueca (hollow fiber-liquid phase microextraction HFLPME).  Los problemas de 
volatilidad y relativa inestabilidad que la técnica presenta cuando se usan disolventes 
orgánicos convencionales, se eliminan al usar SUPRAS vesiculares debido a su baja 
presión de vapor y alta viscosidad [7,14].  
 
Los SUPRAS de micelas inversas se han utilizado en el formato de 
microextracción líquido-líquido dispersiva (dispersive liquid-liquid microextraction 
DLLME). En este caso, el THF tiene una doble función, medio de coacervación y 
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Las conclusiones más relevantes de las investigaciones llevadas a cabo en la 
realización de esta Tesis Doctoral se enumeran a continuación.  
 
1. Se han sintetizado dos nuevos disolventes supramoleculares basados en el 
autoensamblaje y la coacervación  de vesículas y micelas inversas de ácidos 
carboxílicos alifáticos con longitud de cadena hidrocarbonada entre 8 y 18 
átomos de carbono. 
 
2. El incremento de tamaño de los agregados en las disoluciones coloidales de 
vesículas acuosas y micelas inversas en tetrahidrofurano se induce mediante 
la adición de tetrabutilamonio y agua, respectivamente. 
 
3. Los disolventes supramoleculares obtenidos se caracterizan por contener 
una elevada concentración de ácidos carboxílicos (1 mg/µL y 0.25-0.75 
mg/µL para los disolventes de vesículas y micelas inversas, 
respectivamente) y ofrecer diferentes tipos de interacciones (dispersión, 
puentes de hidrógeno, dipolo-dipolo, π-catión). De esta forma, 
proporcionan un elevado número de centros de unión y mecanismos 
mixtos de interacción para solubilización de los solutos. 
 
4. Se ha demostrado que ambos tipos de disolventes supramoleculares tienen 
la capacidad de extraer eficientemente compuestos orgánicos en un amplio 
intervalo de polaridad (log Ko/w= 1.7-5.9), moléculas anfifílicas, y en el caso 
de los disolventes vesiculares, compuestos iónicos. El tiempo requerido 
para alcanzar el equilibrio de extracción en muestras acuosas es muy 
reducido (5-10 min) debido a que los disolventes supramoleculares están 




constituidos por microgotas y por lo tanto, durante la extracción se forma 
una microemulsión que facilita la transferencia de fase de los solutos. 
 
5. Se ha demostrado la aplicabilidad de los disolventes supramoleculares 
desarrollados, así como la de un disolvente constituido por micelas acuosas 
de dodecano sulfonato previamente sintetizado por nuestro grupo de 
investigación, para la extracción de multicomponentes en muestras 
complejas. Así, se han extraído tensioactivos no iónicos en aguas de río y 
residuales, tensioactivos aniónicos en lodos residuales y bisfenoles y diglicil 
éteres en aguas de río y residuales, con porcentajes de recuperación 
comprendidos en los intervalos 89- 103%, 85-90% y 95-102%, 
respectivamente. En todas las aplicaciones desarrolladas, los extractos se 
analizaron directamente mediante cromatografía de líquidos acoplada a 
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